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GENERAL INTRODUCTION 
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MITOCHONDRIAL BIOGENESIS 
Overview. Mitochondria and chloroplasts are unique among cellular 
organelles because they have a separate genome and their own machinery to 
transcribe and translate the genetic information into functional proteins. This 
situation has attracted a great interest in finding the degree of genetic 
autonomy of mitochondria, and the contribution of nuclear genes to the 
expression of mitochondrial genes. 
The size of mitochondrial genomes ranges from approximately 16 kb in 
animals to more than 100 kb in plants. Genetic analysis of the yeast 
mitochondrial genome showed that in addition to coding for components of 
the respiratory enzyme complexes and mitochondrial ATPase, it also contains 
the genes for a complete set of tRNAs (5,90) and the two rRNAs of 
mitochondrial ribosomes (68). All the fungal and animal mitochondrial 
genomes studied to date also code for the two rRNAs, a variable but complete 
set of tRNAs sufficient to recognize all the codons of the mitochondrial genetic 
code, and the mRNAs for subunits 1,2, and 3 of cytochrome c oxidase, the 
cytochrome b component of coenzyme QH2-cytochrome c reductase, and 
subunits 6 and 8 of the mitochondrial ATPase complex (20,29,30,83; Table 
1). The rest of the components of these enzyme complexes in the electron 
transport chain and oxidative phosphorylation are coded by nuclear genes. 
This arrangement implies that cells must coordinate expression of the 
nuclear genes with the status of mitochondria and the growth conditions of 
cells. Cells must balance the production of proteins encoded in two different 
genomes to allow assembly of all the components inside mitochondria. 
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TABLE 1. Mitochondrial gene products in Saccharomyces cerevisiae (20,30) 
Gene Product 
C0X1^ subunit 1 of cytochrome c oxidase 
C0X2b subunit 2 of cytochrome c oxidase 
C0X3C subunit 3 of cytochrome c oxidase 
COS cytochrome b 
oli1 subunit 9 of mitochondrial ATPase 
oli2 subunit 6 of mitochondrial ATPase 
aap1 subunit 8 of mitochondrial ATPase 
var1 mitochondrial ribosomal protein 
Ig-rRNA 21S rRNA 
sm-rRNA 158 rRNA 
9S RNA RNA component of RNase P-like enzyme 
tRNA genesd transfer RNAs 
3 C0X1 was originally designated as ox/3 (6). 
b C0X2 was originally designated as oxi1 (14). 
c C0X3 was originally designated as ox/2(81). 
d Twenty-four tRNA genes are coded in yeast mtDNA (5,30). 
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What types of mechanisms have evolved in coupling the expression of 
mitochondrial and nuclear genes? It has been apparent for some time that 
although the mitochondrial genome is required for maintenance and 
propagation of respiratory competent mitochondria, the most fundamental 
processes involved in mitochondrial biogenesis depends on the expression of 
genes located in the nucleus. This is most clearly illustrated by the 
observation that respiratory deficient mutants of yeast lacking a mitochondrial 
genome (cytoplasmic petite mutant; "p°") still have organelles morphologically 
and functionally related to mitochondria. Such respiratory deficient 
mitochondria have most of the enzymatic capacities of wild type mitochondria 
except for the respiratory complexes and the ATPase, which contain subunits 
coded in the mitochondrial genome (30,83). 
The importance of the coordination between mitochondria and the nucleus 
can also be exemplified by the recent study that a nuclear mutation in yeast, 
mdm2, results in blockage of mitochondrial segregation during cell cycle (45). 
The mutant cells go through multiple rounds of nuclear division and bud 
formation, but fail to transfer mitochondria into the growing bud, therefore no 
viable progeny are produced even on media allowing growth by fermentation. 
The roles played by nuclear genes in mitochondrial biogenesis can most 
easily be studied in Saccharomyces cerevisiae, a facultative anaerobe easily 
amenable to genetic and microbiological manipulations. Numerous genes in 
the nucleus required for mitochondrial function have been identified through 
the isolation and characterization of strains containing nuclear petite mutations 
(pet). The gene that is the focus of this dissertation, MGP1, was isolated 
based on its ability to restore respiratory competence to a strain containing the 
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nuclear petite mutation msg1. Therefore basic information regarding pet 
mutations will be described in the following sections. 
Cytoplasmic petites, pet mutants and PET genes. Respiratory deficient 
mutants of 8. cerevisiae form smaller colonies than do wild type cells when 
grown on the fermentable substrate glucose. This phenotype results from the 
inability of such strains to metabolize ethanol produced from glucose, because 
of defects in respiration. Therefore, mutants cease growing once glucose is 
exhausted from the media. The term "cytoplasmic petite" is used to describe 
those respiratory defective mutant strains with cytoplasmically inherited 
mutations. These strains were later found to have deletions in mitochondrial 
DNA (denoted p-; 27) or to completely lack the organellar genome (denoted 
P°; 26). 
Another class of petite mutants are caused by mutations in specific nuclear 
genes. To distinguish cytoplasmic petite mutants from respiratory deficient 
strains with genetic lesions in nuclear genes, the latter are referred to as 
"nuclear petites" or pet mutants. To discern between pet mutants andp" or p° 
mutants, petite strains are crossed to a tester strain lacking mitochondrial DNA 
(qO) and the diploid progeny are checked for growth on a nonfermentable 
substrate such as glycerol. Growth of the resulting diploid cells indicates the 
petite mutant contains a functional mitochondrial genome and therefore the 
respiratory defect is caused by a recessive mutation in a nuclear pef gene. 
Phenotypic ciasses of pet mutants. Several collections of petite mutants 
have been made over the last 20 years, and independent pet mutations have 
been assigned to specific genetic loci by complementation analysis. The 
collection of mutants isolated by Tzagoloff et al. (82) was obtained by 
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mutagenesis of tine respiratory competent haploid strain D273-10B/A1 with 
either ethyl methanesulfonate or nitrosoguanidine. Pet mutant strains, 
ascertained by crosses to apo tester strain, were purified and scored for their 
growth characteristics on rich glycerol medium. Approximately 2,000 
independent pet strains were obtained in six separate screens. From these, 
1,700 were assigned to 215 complementation groups. Single representatives 
from most complementation groups have been assayed for NADH-
cytochrome c reductase, cytochrome c oxidase, oligomycin-sensitive 
mitochondrial ATPase, and mitochondrial protein synthesis. In addition, 
absorption spectra of mitochondrial cytochromes have been recorded. Based 
on these biochemical analyses, pet mutants can be classified into one of the 
following phenotypic classes (84): 
(i) cytochrome c oxidase-deficient mutants 
(ii) coenzyme QH2-cytochrome c reductase-deficient mutants 
(iii) mitochondrial ATPase-deficient mutants 
(iv) pleiotropic mutants, which are defined by strains lacking spectral 
cytochromes b, a and but not cytochrome c or Cy 
(v) mutants with a normal complement of respiratory chain enzymes and 
mitochondrial ATPase 
The mutant strains used in the following studies belong to the pleiotropic 
class of respiratory deficient mutants (85). One cause of this phenotype is a 
block in mitochondrial gene expression. Cytochrome 6 is a mitochondrial 
gene product. Cytochromes a and ag are nuclear products, however, their 
absence indicates cytochrome c oxidase is not assembled possibly due to 
failed expression of mitochondrial genes coding for other subunits of the 
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enzyme. Most mutants in this class generally fail to display in vivo labeled 
mitochondrial translation products, which is predicted to be caused by block 
in mitochondrial protein synthesis (50). This is true because many pet genes 
of the pleiotropic class have been shown to code for mitochondrial ribosomal 
proteins (51), mitochondrial tRNA synthetases (49) and soluble translation 
factors of mitochondrial genes (52). 
Most nuclear-coded proteins involved in mitochondrial biogenesis are 
localized in mitochondria, such as the subunits of enzyme complexes or 
components of the transcription and translation rhachinery. Transport of 
nuclear-coded proteins into mitochondria and sorting to specific internal 
compartments of the organelle is thus an indispensable aspect of 
mitochondrial biogenesis. The next section summarize the current 
understanding of this process. 
Protein Import into mitociiondria. Mitochondria consist of four 
compartments, the outer membrane, the inner membrane, the intermembrane 
space and the matrix. Most proteins destined to be transported from the 
cytoplasm into the mitochondrial matrix are synthesized as precursors with 
amino-terminal, amphiphilic targeting sequences that direct the proteins into 
mitochondria (2,32,59). Precursor proteins bind to the mitochondrial surface, 
then are translocated across the outer and the inner membranes at contact 
sites where two membranes are closely apposed. The proteins have to be 
loosely folded in order to pass across these two membranes. Once the 
proteins have reached the matrix, their targeting sequences are proteolytically 
removed and the mature polypeptides fold into their native conformation. 
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Each of these steps is catalyzed by specific proteins. The loosely folded 
precursors in the cytoplasm are maintained by cytosolic binding factors which 
selectively bind and stabilize partially folded proteins; precursor binding to the 
mitochondrial surface is facilitated by mitochondrial surface receptors; 
transport across the mitochondrial membranes is accomplished by proteins 
forming "protein transport pores" across these membranes; cleavage of the 
targeting sequences to mature polypeptides is catalyzed by a specific 
protease; and folding in the matrix is governed by chaperonins located in the 
matrix. 
Several key components of the mitochondrial protein import machinery are 
identified from temperature-sensitive yeast mutants. Five components of the 
mitochondrial import apparatus essential for life have been found, namely 
MAS1, MAS2, hsp60, mhsp70 and ISP42. MAS1 and MAS2 are two 
nonidentical subunits of the processing protease located in the matrix (60). 
Mitochondrial hsp60, like the groEL gene product of E. coli, is a homo-
oligomer composed of 14 subunits, which mediates refolding of newly 
imported mitochondrial proteins (56,64). The mitochondrial hsp70 (mhsp70) 
is a 70 kDa stress protein in the matrix. It is believed that mhsp70 binds 
imported precursors before hsp60 (2). ISP42 is an integral outer membrane 
protein and it seems to be a subunit of a hetero-oligomeric transport channel 
by which precursors cross the outer membrane (89). Inactivation of genes 
coding for any of these five proteins is lethal because essential enzymes 
located within the mitochondria cannot be formed. 
There are also components of mitochondrial protein import machinery that 
are functionally redundant, which can be bypassed by other functionally 
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similar components acting in the pathway. These components include the 
receptor-like proteins, MAS70 (33) and p32 (48,58), and other components, 
such as heme lyase (C/CS; 19,53) and inner membrane protease I {IMPV, 2). 
They were identified by biochemical means first, then genes corresponding to 
the proteins were determined later. Inactivation or loss of these proteins 
prevents import or maturation of certain precursors, but does not affect overall 
protein import or viability. 
In vitro import procedures using the yeast subcellular fraction containing 
mitochondria have been developed to facilitate the study of mitochondrial 
import mechanisms (54,71). Although there is apparent discrepancy between 
import systems in vitro and in vivo, fundamental elements in the process are 
the same in both systems. Both in vivo and In vitro mitochondrial localization 
of the MGP1 gene product are described in Section II of this dissertation. 
In addition to biogenesis, proper segregation of mitochondria during cell 
division cycle is essential for viability. This is likely to be a highly regulated 
process, of which little is known at present. Recently, several mutants 
defective in cell cycle progression linked to mitochondrial functions were 
identified. The following section summarizes the findings of these studies. 
Cell division and mitochondrial Inheritance. Temperature-sensitive 
mutants of S. cerevisiae containing the mdm2 mutation are unable to transfer 
mitochondria into a growing bud at nonpermissive temperature (45). The 
mdm2 cells go through several rounds of bud formation and nuclear division 
but fail to form viable progeny even on fermentable media. This observation 
suggests segregation of mitochondria during cell cycle is an active process. 
Another obsen/ation by Smith and Yaffe (78) provides evidence for 
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relationships of mitochondrial protein import and cell cycle progression. A 
temperature-sensitive mutant, mas3, exhibits defects in mitochondrial protein 
import and cell cycle progression. Cells containing the mas3 mutation are 
mostly arrested in the G2 phase of the cell cycle and accumulate precursors of 
the imported mitochondrial proteins. HSF (heat shock transcription factor) 
appears to be the gene coordinating progression of the cell cycle and the 
import of mitochondrial proteins. 
Many pet mutants have defined genes required for expression of the 
mitochondrial genome; and these gene products provide a means of 
communication from the nucleus to mitochondria. The following section 
describes information obtained from characterization of such genes. 
Communication between mitochondria and the nucleus. Genes 
identified by pet mutations code for not only cytochromes and other proteins 
directly involved in electron transport and oxidative phosphorylation, but also 
proteins involved in expression of the mitochondrial genome. Among the 
latter are genes coding for the mitochondrial RNA polymerase (43), and the 
mitochondrial ribosomal proteins (51). Other types of mutants also exist. For 
example, the PET54 gene is specifically required for translation of the 
mitochondrial C0X3 gene, coding for subunit III of cytochrome c oxidase (15). 
Similarly, the CBP6 gene is required specifically for translation of cytochrome b 
(17), as are CBS1 and CBS2 (65,66). There are factors required for the 
splicing of mitochondrial transcripts, such as CBP2, CBP7 and MSS116 (22, 
47,75) or factors for assembly of specific mitochondrial enzyme complexes, 
such as ATP12 (10) and 00X10 (55). Possibly these proteins produced in the 
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nucleus are part of a mechanism that perceives the growth conditions of the 
cell and act as regulators to establish proper mitochondrial functions. 
Recently, some nuclear genes which suppress the mitochondrial RNA 
processing and/or translation defects have also been isolated (4,9). For 
example, ABC1 gene is able to suppress, in multiple copies, the respiratory 
defect due to the cbs2-223 mutation. The cbs2-223 mutation is an allele of 
CBS2 gene which was shown to code for a translational activator of 
cytochrome b mRNA (9). These findings also show the complexity of the 
communication between nucleus and mitochondria. 
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SIGNAL TRANSDUCTION MEDIATED BYp21>'as.RELATED PROTEINS 
Overview. This dissertation identifies MGP1 as a novei member of the 
p2iras.reiated branch of the GTPase superfamiiy. The term "GTPases" was 
used by Bourne et ai. (7) to describe one superfamiiy of GTP-binding proteins 
which include trimeric G proteins, EF-Tu and small molecular weight G 
proteins such as p2iras and related proteins. Members of the GTPase 
superfamiiy are expanding rapidly since many newly discovered GTPases 
have been characterized in the past few years. The GTPases play key roles in 
a number of biological processes, including the hormonal regulation of 
adenylate cyclase and phospholipases, visual transduction (25 and references 
therein), protein synthesis (40,80), protein trafficking, secretion (67,74), and 
cell growth (3,36,37). All GTPases switch cycles among three different 
conformational states: GDP-bound, empty, and GTP-bound. The empty state 
is a transient intermediate in replacement of GDP by GTP in the guanine 
nucleotide binding site of the GTPase. The function of each individual GTPase 
as a molecular switch in the cell is defined by the different abilities of its 
conformational states to interact with specific macromolecules. For instance, 
the GTP-bound state of a subunit of signaling G protein is described as active 
form and GDP-bound state inactive form because of the activation of effector 
molecule, adenylate cyclase by the GTP-bound state. 
Two GTPases families, the GTPases that direct ribosomal protein 
synthesis, illustrated by elongation factor Tu (EF-Tu), and the signal-
transducing G proteins are best-characterized in their functional roles of 
different stages in the GTP-driven cycles. The GTP-bound forms of elongation 
and initiation factors of ribosomal protein synthesis facilitate the association 
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between macromolecules, such as ribosqmai subunits, mRNA and aminoacyl-
tRNAs. GTP is hydrolyzed only after the appropriate association has been 
completed (80). a subunits of heterotrimeric G proteins transduce sensory 
and hormonal stimuli across the plasma membrane. Cell-surface receptors, 
activated by extracellular ligands, promote dissociation of GDP from G 
proteins which are attached to the cytoplasmic side of the plasma membrane. 
Upon GTP bound to the guanine nucleotide binding site of the a subunit, it 
stimulates dissociation of the a-/S-7 complex from the receptor and separation 
of the a-GTP from the/S-y complex, a-GTP then activates an effector enzyme 
or ion channel. Hydrolysis of bound GTP by an intrinsic GTPase activity of the 
a-chain releases its interaction with the effector, a-GDP binds toj8-y and the 
resulting a-iS-7-GDP complex is ready to interact with another activated 
receptor (25). 
Ras and ras-related proteins: small (20-35 kDa) GTPases. Ras genes 
are a ubiquitous gene family in eukaryotes (3 and references therein). The 21 
kDa protein products of the genes known as p21''as are also the best 
described subgroup among small (20-35 kDa) GTPases. The molecular 
behavior and three dimensional structure of p2lH-ras have provided a good 
framework for analyzing structure-function relationship of p21'"as.reiated 
proteins. However, the pathways Involved in the control of cell proliferation 
and differentiation by p21''3s are still unclear. 
The three ras genes of mammals, H-ras, K-ras and N-ras, acquire 
transformation activity by single point mutations within their coding 
sequences. Mutations in naturally occurring ras oncogenes have been 
localized in codons 12,13,59 and 61(35). Microinjection of purified mouse 
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rasLys12, human rasVal12, or retroviral rasArg12Thr59 mutant p21 proteins 
into NIH3T3 mouse fibroblasts led to transient morphologic transformation 
and cell proliferation (21,34,78). The localization of ras proteins in the inner 
surface of the cell membrane, along with its GTPase activity, has raised the 
possibility that ras proteins may participate in the transduction of mitogenic 
signals. They have been shown to have a certain degree of interaction with 
EGF receptor pathway (39), and the phosphatidylinositol pathway (77). In 
Saccharomyces cerevisiae either of two ras homologs, RAS1 and AAS2, is 
required for initiation of the mitotic cell cycle (17 and references therein). 
Extensive genetic analysis indicates that the protein products of the RAS1 and 
RAS2 genes stimulate adenylate cyclase. 
Three-dimensional structure of p2lH->'as, a common structural design 
and shared molecular mechanism are found in the GTPases superfamily. 
Each protein in this superfamily is a molecular switch that can change its 
affinities for other macromolecules. Crystal structures of EF-Tu and p2lH-ras 
have been determined (38,41 ; 57). In combination with biochemical and 
biophysical data, molecular genetic experiments have assigned distinct 
functions of several GTPases to specific sequence motifs and even to 
individual amino acids (8). 
Comparison between the crystal structures of the guanine nucleotide 
binding domain of bacterial EF-Tu and p2lH-ras showed that they are 
remarkably similar. The overall topologies of the two domains are the same, 
and most of their polypeptide backbones are superimposable, although their 
primary structures are only 30% identical. The protein's hydrophobic core 
consists of six strands of jS sheet, which are connected by hydrophilic loops 
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and a helices. There are five regions, namely G-1 to G-5 regions, critical for 
GDP/GTP exchange, GTP-induced conformation change, and GTP hydrolysis 
(7; Table 2). Because these sequences are conserved in the MGP1 product, 
their structures will be summarized below. 
G-1 region. This region (residues 10-17 in p2iras; sequence motif 
GX4GK(S/T) forms a loop in which main-chain amide hydrogens of 
several amino acids, plus thee-amino group of Lys16, form bonds with 
the a- and -phosphates of GTP or GDP. 
G-2 region. This region (residues 32-40 in p21'"as) includes the amino 
terminus of the second/3 strand and the loop that precedes it. A Mg2+ 
ion essential for GTP hydrolysis is coordinated to oxygens of the/3- and 
7- phosphates of GTP and to the side-chain hydroxyls of the conserved 
residue Thr35, as well as Ser17 from region G-1 as shown in the crystal 
structure of p21'"as bound to Gpp(NH)p. 
G-3 region. The DXgG sequence motif of this region (residues 53-62 of 
p2iras) Is conserved in all GTPases. The invariant aspartate (position 
57 in p2iras) binds the catalytic Mg2+ through an inten/ening water 
molecule, while the amide proton of the invariant glycine (position 60) 
forms a hydrogen bond with the 7-phosphate of GTP. 
TABLE 2. Sequence motifs of p21''as.reiated proteins  ^
G1 G2 G3 G4 
SC MGP1 (85) 277 305 324 290 
LVLLGAPNVGKSSL IPGTTRDSI VIICDTAGIR IIWNKSD 
HS H-ras (11) 6 32 53 112 
N-ras (79) IVWGAGGVGKSAL YTPTUEDSY LDILDTAGQE VLVGNKCD 
R-ras (42) 
SC RAS2 (63) 13 39 60 119 
IVWGGGGVGKSAL YDPTIEDSY LDILDTAGQE VWGNKSD 
SC RH01 (44) 13 39 60 118 
LVIVGDGACGKTCL YVPTVFENY LALWDTAGQE ILVGCKVD 
SC CDC42 (36) 6 32 53 111 
CVWGDGAVGKTCL YVPTVFDNY LGLFDTAGQE LWGTQID 
SC SEC4 (67) 23 49 71 129 
ILLIGDSGVGKSCL FITTIGIDF LQIWDTAGQE LLVGNKCD 
3 This table shows the amino-acids sequences of putative region G1-G4 as defined by Bourne et al. 
(8). in several small GTP-binding proteins. Conserved residues are in bold. Species designations 
are: SC, Saccharomyces cerevisiae\ HS, Homo sapiens. References for the sequence are in 
parentheses. 
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G-4 region. This region (residues 112-119 of p21''as) consists of four 
hydrophobic or apolar amino acids followed by (N/T)(K/Q)XD. In 
p2iras  ^this corresponds to a hydrophobic jg strand preceding a 
hydrophilic loop. Carboxy oxygens of Aspl 19 form hydrogen bonds 
. with groups on the guanine ring, and amide protons of Asnl 16 and 
Lysl 17 stabilized the guanine nucleotide binding site through hydrogen 
bonds to residues 13 and 14 in the G-1 region. 
G-5 region. Residues 144-146 of p2iras  ^in a loop between the sixth/S 
strand and the «-5 helix, interact with the guanine nucleotide indirectly 
through hydrogen bonds that stabilize side chains of Asnl 16 and 
Asp119 in region G-4. 
The comparisons of crystal structures of the p21''3S.GDP complex (16) and 
structures of the protein bound to GTP (46) or to two GTP analogs, Gpp(NH)p 
and Gpp(CH2)p (57,72) unveil noticeable GTP-induced changes in two 
regions of the protein: the G-2 loop (amino acids 32-38) and the G-3 loop 
together with the or-2 helix right downstream (especially residues 60-76), 
These regions are located close to one another and exposed on the outer 
surface of the molecule. A change in the orientation of Thr 35 may be 
responsible for the change in G-2. The side chain of this residue turns away 
from the bound nucleotide in the GDP-bound state, but flips toward the 
nucleotide in the GTP-bound state, where it interacts directly with both the 
catalytic Mg2+ and the7-phosphate of GTP. This GTP-induced change in 
orientation of Thr 35 may be propagated to adjacent G-2 residues. Similar 
situations may occur to the conformational change in the G-3 loop and 
downstream a-helix by the interaction between the 7-phosphate and Gly 60. 
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The glycine residue rotates significantly with respect to the preceding jS strand 
(3-3); this rotation probably cause conformational change in the 16 residues 
downstream, which alters the orientation and length of helix a-2 (63). Both Thr 
35 and Gly 60 are consen/ed throughout the superfamily of GTPases. 
The p2iras.reiated protein superfamily. Comparison of protein 
sequences between members of small GTPases has led to construction of the 
p2iras.reiated protein superfamily by Valencia et al. (12,88). They classified 
those p21'"as.reiated proteins into four branches, namely, ras, rho, ypt, and 
tc4 subfamilies. The ras, rho and ypt subfamilies contain members widely 
distributed from mammals to lower eukaryotes such as yeast. The tc4 
subfamily so far only consists of one member from a human teratocarcinoma 
cell line (18). Members within each subfamily share about 50-85% identity 
between their protein sequences. Members between subfamilies generally 
show approximately 30% identity (88). Section I of this dissertation discusses 
how MGP1 relates to the p21''as.reiated superfamily. 
C-terminai modifications of p21i^ 3S-related proteins. All the p21''as. 
related proteins contain at least one cysteine residue near the carboxyl 
terminus. A characteristic sequence motif, C-A-A-X (A: aliphatic amino acid; 
X: any amino acid), at the extreme C-terminus is involved in membrane 
attachment of many p21''3s.related proteins by posttranslational modifications. 
Genetic and biochemical studies have shown the cysteine is 
polyisoprenylated, then the AAXtripeptide of p21'"as ig removed and the newly 
exposed a-carboxy group of cysteine is carboxymethylated (24,69). This 
complex series of processing steps is required for attachment to the plasma 
membrane and biological function of p21''as proteins (31). This dissertation 
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shows Mgp1p contains a cysteine residue four amino acids from its carboxyl 
terminus, which is required for function and involvement in membrane binding. 
Resemblance of the carboxyl terminal sequence motif between Mgpip and 
other p21ras-related proteins and many studies about the carboxyl terminal 
modification of p2iras.related protein have been informative for this 
dissertation. 
Polyisoprenylation of p21''as ig catalyzed by farnesyltransferase, a 
cytosolic enzyme that utilizes farnesyl diphosphate (FPP) as precursor to 
modify the Cys residue of the p21'"3S.related proteins' CAAX sequence (73). 
The enzyme is present in all mammalian tissues and cell lines tested, as well 
as in yeast Saccharomyces cerevisiae (13,28,70), suggesting that 
processing mechanisms of p21'"3s.reiated proteins are conserved through 
evolution. Farnesyltransferase and geranylgeranyltransferase, which attach a 
15-carbon isoprenoid (farnesyl) and a 20-carbon isoprenoid (geranylgeranyl), 
respectively, to p21''as.reiated proteins, have been purified from rat brain 
cytosol (73). Farnesyltransferase consist of one a and one jS subunit. TheiS 
subunit binds p21''as proteins. The predicted protein sequence of a cDNA 
clone for the ratjS subunit shows 37% identity with the protein coded by the 
yeast DPR1/RAMI gene, indicating this gene is the yeast counterpart of the 
peptide binding subunit of the mammalian farnesyltransferase (13). 
Geranylgeranyltransferase has similar molecular weight to farnesyltransferase, 
and both enzymes likely share a common a subunit (73). 
The four proteins including rho and ral, known to be geranylgeranylated 
also contain cysteine as the fourth residue from the carboxyl terminus. These 
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proteins, however, end with leucine instead of methionine or serine as 
commonly seen in the farnesylated proteins (73). 
The identification and characterization of enzymes that modify the carboxyl 
terminus of the p21''as.related proteins provide a new insight for the 
development of potential cancer therapeutic agents. Inhibitors selectively 
interfering with ras processing, such as farnesylation, proteolysis, or 
methylesterification, should restrain oncogenic ras without completely 
inhibiting general cellular function. Therefore, farnesyltransferase and possibly 
the protease and carboxymethyltransferase may present targets for inhibition 
of oncogenesis by p21''as (24). 
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OBJECTIVES AND RATIONALE 
The objectives of my dissertation research were to characterize a novel 
member of p21''3S.related protein superfamily, Mgpip, in relation to yeast 
mitochondrial biogenesis by genetic and biochemical approaches. The near 
30% identity between one putative domain of Mgpip (residues 270-460) and 
other p21''as.related proteins in their primary sequences, with particular strong 
homology In regions for interaction with GDP/GTP (Table 2,85), raises the 
hypothesis of my research. The hypothesis is that one type of signal 
transduction for the communication between mitochondria and cytosol is likely 
to involve GTP-binding proteins. At present, no signal transducing G-protein 
has yet been identified in mitochondria. Therefore, the experiments were 
designed to determine whether functional mechanism, membrane localization, 
and biochemical properties of Mgpip are similar to that of p21''as.related 
proteins. 
The p21'"as oncoproteins have been intensively studied for the past 
decade. Genetic, biochemical and biophysical evidence suggests that p21'"as 
generates signals for cell proliferation and transformation by interaction with 
other proteins in the cell thereby activating signal transduction pathways (3,7). 
Many p21''as.reiated proteins, such as ypti and Rhol, have been shown to 
have GTPase activity and be involved in diverse cellular functions such as 
secretion, cell polarity and division (37,74). The key role played by these 
p2iras.related proteins appears to be a molecular switch in that GTP-bound 
and GDP-bound form of the proteins exhibit two different conformational 
states which have different abilities to interact with other specific 
macromolecules. 
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To better understand the possible role of Mgp1p in yeast mitochondrial 
biogenesis, the respiratory defects of msgl mutant strains E221/L1 and 
E98/LM1 were characterized and the genetics relationship of MGP1 and 
MSG1 were investigated (85). To test if Mgp1p functions by a similar 
mechanism as p21'"as proteins, conserved regions of Mgp1p corresponding 
to the regions of p21''as important for function and/or subcellular localization 
have been altered, and in vivo functional assay was carried out (85). 
To investigate the localization of Mgp1p, antibodies were raised against 
Mgp1 fusion protein and used to detect Mgp1p in subcelluar fractions (88). 
Overproduction of Mgp1p became necessary because of the extremely low 
levels of Mgp1p in normal yeast cells, in addition, in vitro mitochondrial import 
experiments were performed to confirm mitochondrial localization of Mgp1p. 
The involvement of the cysteine residue four amino acids from the carboxyl 
terminus of Mgp1p in its membrane association was also addressed (86). 
In order to further analyze the biochemical properties of Mgp1p, Mgp1p 
was produced in E. coll and the partial purification of Mgp1p was attempted 
(87). A Photoaffinity cross-linking experiment was used to see if Mgp1p is 
capable of binding GTP (87). 
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EXPLANATION OF DISSERTATION FORMAT 
This thesis was prepared in accordance with the rules for the alternate 
thesis format as outlined in the Iowa State University Graduate College Thesis 
Manual (1990). The dissertation contains a general introduction to the 
problem addressed with a critical review of the literature, followed by three 
research sections and a summary and general discussion section. Figures for 
each research section follow the references. References for the general 
introduction and general discussion sections constitute the last part of the 
dissertation. 
Sections I and II are multiple author papers that will soon be submitted for 
publication to Molecular and Cellular Biology. The initial phase of the research 
presented in Section I was performed by the paper's second author, Mian Wu 
In the laboratory of Alexander Tzagoloff at Columbia University. Dr. Wu's work 
included the isolation and sequence analysis of MGP1. The remainder of the 
research in this paper was my work. The paper was written entirely by me, 
with editorial contribution by Alan Myers. 
The research presented in Section II was performed primarily by me, in 
collaboration with Brian Miller in the laboratory of Michael Cumsky at the 
University of California, Irvine. Mr. Miller used synthetic gene constructions 
provided by me to perform the in vitro import experiments depicted in Figures 
4 and 5. All other experiments in this paper were my own work. The paper 
was written entirely by me, with editorial contribution by Alan Myers. 
The research of Section III was done entirely by me. The section was 
written by me with editorial contribution by Alan Myers. 
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SECTION I. MGP1, A NOVEL RAS-RELATED GENE FUNCTIONS IN 
YEAST MITOCHONDRIAL BIOGENESIS 
25 
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ABSTRACT 
Mutations in tlie Saccharomyces cerevisiae gene MSG1 cause pleiotropic 
respiratory deficiencies, as shown by complete loss of spectral absorption of 
cytochrome b and 3/83 from mitochondrial membranes. Pleiotropic effects of 
msg1 mutations were evident in mitochondrial biogenesis, such that one 
mitochondrial gene product, apocytochrome b was synthesized but did not 
assemble into holoenzyme, whereas other mitochondrial gene products, 
subunits 1, 2, and 3 of cytochrome oxidase, accumulated at significantly 
reduced levels. These data suggest msg7 mutations block assembly of 
mitochondrial respiratory enzyme complexes. The nuclear gene MGP1 was 
identified based on its ability to restore respiratory competence to strains with 
msg1 mutations. The MGP1 sequence codes for a protein, Mgp1p, of 526 
residues in which the amino terminal sequence is typical of mitochondrial 
targeting peptides. A190 residue region of Mgp1p shares approximately 30% 
identity with any member of the large family of p21''as.related proteins. MGP1 
did not cause respiratory deficiency, and MGP1 is not genetically linl<ed to 
MSG1. Therefore, MGP1 is an extragenic suppressor oimsgl mutations 
when present in multiple copies. The mutations mgp1A281-289 and 
mgplSer523  ^thought to affect nucleotide binding and post-translationai 
modification, respectively, inactivate the suppressor function oiMGPI 
assayed in vivo. These data suggest MGP1 functions in mitochondrial 
biogenesis using a biochemical mechanism similar to that of p21''as and 
related proteins. 
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INTRODUCTION 
Mitochondria function in the context of overall cellular metabolism, implying 
the existence of mechanisms for information transfer between this organelle 
and other compartments of the cell. One aspect of communication between 
mitochondria and other organelles relates to mitochondrial biogenesis. 
Mitochondrial genomes code for only a small minority of the organelle's 
proteins, whereas the majority of mitochondrial proteins are coded in the 
nucleus, translated on cytoplasmic ribosomes, and imported into the organelle 
(23,25,39,56). Thus mitochondrial biogenesis depends on numerous 
coordinated activities in mitochondria, the nucleus, and the cytosol. This 
coordination suggests the existence of information transfer mechanisms 
between the mitochondria and cytosol (20,56). 
The yeast Saccharomyces cerevisiae, a facultative anaerobe, has been 
widely used in studying mitochondrial biogenesis and function, among other 
reasons because it allows characterization of respiratory deficient mutants in 
which the organelle's function is impaired (55). Biogenesis of respiratory 
enzymes in yeast provides a good example of mitochondrial-nuclear 
interaction. Yeast mtDNA codes for one polypeptide of the multisubunit 
complex coenzyme QH2-cytochrome c reductase and three of the nine 
subunits of cytochrome c oxidase. In addition to structural genes of these 
complexes, nuclear DNA codes for proteins regulating expression of specific 
mitochondrial genes, either at the level of RNA processing (18,32,35,49,61) 
or translation (16,21,34,41). Furthermore, nuclear gene products are 
required specifically for assembly of respiratory enzymes, even though these 
proteins are not themselves constituents of the holoenzyme (1,8,37,57.62). 
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To learn more about the mechanisms of nuclear-mltochondrlal 
communication, this study characterized mutations in a nuclear gene, MSG1, 
which cause pleiotropic deficiencies in mitochondrial biogenesis. A gene 
designated MGP1 was isolated based on its ability to restore respiratory 
function to strains carrying a msg1 mutation. MGP1 is of interest because a 
portion of its gene product, termed Mgp1p, is homologous in amino acid 
sequence to members of the p21''as.reiated superfamily of GTP-binding 
proteins (59). Several members of this protein family have been proposed to 
function as signal transducing molecules in regulation of cell proliferation, 
morphology, or metabolic function (6). The results indicated Mgp1p functions 
in mitochondrial biogenesis, possibly as a signal transduction molecule 
involved in regulating assembly of inner membrane respiratory complexes. 
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MATERIALS AND METHODS 
Strains, media, and genetic methods. Yeast strains used in this study 
are iisted in Tabie 1. The pet mutants E221 and E98 were isolated following 
mutagenesis of the wild type haploid Saccharomyces cerevislae D273-10B/A1 
with ethyl methanesulfonate (54). Nonselective media contained 1% Bacto 
yeast extract (Difco Laboratories Inc., Detroit, Ml), 2% peptone (Difco 
Laboratories Inc.), and 2% carbon source, either glucose (YPD) or galactose 
(YPGal). Respiratory competence was scored as growth on medium 
containing 1% yeast extract, 2% peptone, 2% glycerol and 2% ethanol (EG). 
Selection for auxotrophic markers was done on 0.67% nitrogen base without 
amino acids (Difco) and 2% glucose (WO medium) supplemented as needed 
with adenine, histidine, leucine, methionine, tryptophan, and uracil at 20pg/ml 
each. Yeast cells were transformed with 1-5#tg of linear DNA or circular 
plasmid DNA after conversion to spheroplast by glusalase (17) and were 
grown in the appropriate dropout media selecting for transformants. 
Semisynthetic medium (SSM; 43) used for in vivo labeling of mitochondrial 
translation products contains 10 g/l galactose, 3 g/l yeast extract, 1 g/l 
KH2PO4,0.8 g/l (NH4)2S04, 0.7 g/l MgS04-7H20,0.5 g/l NaCI, 0.4 g/l CaClg 
and 5 mg FeCl3-6H20. Spontaneous mtDNA deletion frequency (i. e. 
conversion top" andp® derivatives) was determined as previously described 
(36). Standard genetic methods were performed for complementation 
analysis and tetrad dissection (44). Escherichia coli strain TG-1 (Amersham 
Corp., Arlington Hts., IL) was used for maintenance and amplifications of 
plasmids, and was maintained in LB medium supplemented with ampicillin at 
40/tg/ml as required (46). 
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DNA manipulation. Recombinant DNA manipulations including Southern 
and Northern hybridization analyses, plasmids construction and amplification, 
and random primer labeling of double stranded DNA hybridization probes 
were performed using standard procedures (2,46). Oligonucleotides were 
synthesized by the Iowa State University Nucleic Acid Facility (Ames, Iowa) 
using a Biosearch 8750EX automated DNA synthesizer. Oligonucleotide 
directed site-specific mutagenesis was by the method of Eckstein (53), using a 
commercially supplied kit (Amersham Corp., Arlington Hts., IL). Nucleotide 
sequence analysis was by the chain termination method (47). E. coli strain 
TG-1 was used for amplification of plasmids and/or production of single 
stranded DNA. The MGP1 gene was isolated fi'om a high copy number yeast 
genomic library consisting of partial Sau3A digestion products of nuclear DNA 
from wild type strain D273-10B/A1 cloned into the unique BamHI site of the 
shuttle vector YEp13 (10). The complete nucleotide sequence of the MGP1 
coding region was determined for both strands of DNA using the method of 
Maxam and Gilbert (31). Hybridized radioactivity on Southern blots was 
quantitated using the Molecular Dynamics Phosphimager. 
Difference spectra of mitochondrial cytochromes from yeast. Yeast 
strains were grown in YPGal for 24 hr, then the mitochondrial fractions were 
isolated as described (15). Protein concentrations were measured according 
to Bradford (9). Mitochondrial cytochromes were extracted by mixing 10-15 
mg of P2 suspension with 100 mg KCI, 1% deoxycholate and 1% cholate 
(Sigma Chemical Co., St. Louis, MO) in a final volume of 1.8 ml, then the 
mixture was centrifuged at 100,000 x g for 15 min. The supernatant containing 
extracted cytochromes was divided into two aliquots of equal volume. One 
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sample was oxidized by saturated potassium ferricyanide and the other 
reduced by sodium hydrosulfite. Reduced minus oxidized difference spectra 
were recorded at room temperature in a Beckman DU-7400 
spectrophotometer. 
In vivo labeling of mitochondrial translation products. In vivo labeling 
of mitochondrial translation products was performed as described (33) with 
minor modifications. Cells were harvested from 25 ml SSM cultures in mid-log 
phase, washed with water, and then 5 ml of 40 mM potassium phosphate, pH 
7.4,0.45% glucose. The harvested cells were then resuspended in 2 ml of the 
above medium supplemented with 400^g/ml cycloheximide. The cell 
suspension was incubated for 10 min at 280C, then proteins were labeled for 
60 min at 280C with 50/iCi/ml L-[35s]methionine (1000 Ci/mmol; ICN 
Biochemicals, Inc., Costa Mesa, CA). Incorporation of label was terminated 
by the addition of 0.1 volume of cold 0.2 M methionine. Cells then were 
digested with glusalase for 45 min at 30°C to remove the cell walls. 
Spheroplasts were lysed by osmotic shock in 0.6 M sorbitol, 10 mM Tris-HCI, 
pH 7.5 by 30 strokes in tight-fitting Dounce Homogenizer. The homogenate 
was centrifuged for 10 min at 5000 x g. The supernatant was fractionated by 
centrifugation for 15 min at 17,000 x g into cytoplasmic extract (S2) and large 
membranous organelle fraction (P2). The total proteins from the P2 fraction 
were separated on SDS-PAGE gel (14) and mitochondrial translation products 
were visualized by autoradiography. 
Preparation and Northern hybridization of mitochondrial RNA. 
Mitochondrial RNA was prepared by the method of Bonitz et al. (4) with minor 
modifications. Yeast cells were grown to early stationary phase in 500 ml of 
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YPGal. Spheroplast were prepared by digestion of cells in Zymolyase 20-T 
(ICN). The P2 fractions were isolated as above except a Waring blender was 
used for facilitate the osmotic lysis of cells. Mitochondria in the P2 fractions 
were lysed in 1 ml of 2% SDS and immediately mixed with an equal volume of 
water-saturated phenol. The aqueous and organic phases were separated by 
centrifugation at 5,000 x g for 10 min, and the aqueous phase was dialyzed 
overnight against 2 L of cold distilled water. Total nucleic acid recovered after 
dialysis was separated in a 1.2% nondenaturing agarose gel. Prior to triansfer 
to nitrocellulose filter, the gel was soaked in 10 x SSC for 45 min. Transfer was 
done in 20 X SSC. Fragments of mtDNA containing C0X1 or C0X2 coding and 
flanking regions labeled with [a-32p]ciCTP were used to hybridize with 
nitrocellulose strips at low stringency condition (30% formaldehyde). The 
C0X2 probe is the mtDNA fragment containing 214 bp of the C0X2 coding 
region and 524 bp of its 3' flanking region (nt 542-1280 of mtDNA from thep-
clone DS302; 15). The C0X1 probe is the mtDNA fragment containing 60 bp 
of exon AS (nt 9916), recombinant regions between intron A2-A3 and exon A8 
and 25 bp of intron A2-A3 (nt 5051) from thep- clone DS6/A422 (5). 
Construction of MGP1 loss of function alieles. DNA fragments 
containing MGP1 with inserted selectable markers {LEU2 or URA3) were used 
to replace parts of MGP1 coding region by the one-step gene displacement 
technique, as described (45). Allele mgp1::LEU2 was constructed as follows: 
the 1.3 kb Nsi\/Nsil fragment within MGP1 coding region was ligated into Pst\ 
site of pUC118 to produce pSHLIOI (Table 2; all plasmids used in this study 
are described in this table). The 2.2 kb BglW/BglW fragment containing LEU2 
coding region was ligated into BglW sites (nt 548,582; see Fig. 5) oiMGPI in 
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pSHL101 to produce plasmid pSHL102. The 4.3 kb BamH\-Sph\ fragment 
containing mgp1::LEU2 was excised from pSHL102, then used for 
transformation into haploid wild type yeast W303-1A to produce mgp1::LEU2 
mutant strain SLY102. 
Allele mgp1::URA3 was constructed as follows; the 2.6 kb SStt/Ssti 
fragment containing MGP1 coding region was subcloned into YEp352S (this 
plasmid is similar to YEp352 except that the multiple cloning region of the latter 
plasmid has been replaced with unique Sst\ site) to produce pSHL103. The 
Pst\ site was created right upstream to the EcoRI site at the 3' flanking region 
of MGP1 using Pst\/EcoR\ adaptor (5'-AATTCTGCAG-3') to produce plasmid 
pSHL104. The 1.1 kb Bgl\\/Nsi\ fragment containing URA3 coding region was 
inserted at BglW/Pstt sites of pSHL104 to produce pSHLIOS. The 2.3 kb 
Kpn\/Sac\ fragment containing mgp1::URA3 was excised from pSHLIOS, then 
used for transformation into haploid wild type yeast W303-1A to produce 
mgp1::URA3 mutant strain SLY103. 
Construction of mgp1A281-289 mutant DNA. The 2.1 kb OamHI/EcoRI 
fragment extending 400 bp upstream of MGP1 to the end of MGP1 coding 
region (nt -400 to 1694, see Fig. 5) was cloned into pUC119 to produce 
pSHL25. Residues 281-289 of the MGP1 coding regions were deleted by site 
specific mutagenesis using the oligonucleotide MP135 (5'-
GCTGTTAACTAAAACTAATACCAG-3'), producing allele mgp1A2d1-2d9 in 
plasmid pSHL136. The 5' end of this oligonucleotide corresponds to nt 879 of • 
the MGP1 locus, and the 3' end corresponds to nt 829 (Fig. 5). The 2.1 kb 
flamHI/EcoRI fragment containing mgp1A2d1-289 from pSHL136 was cloned 
into pBLUESCRIPT SK(+) to produce pSHL137. The 2.2 kb Sal\/Sac\ 
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fragment containing mgp1A281-2d9 from plasmid pSHL137 was cloned into 
YEp351 to produce pSHL138, then used to transform msg1 mutant strains 
E221/L1 and E98/LM1. 
Construction o1 mgpl^ ^^^. Oligonucleotide MP129 (5'-
TCCCTATACTAAATrTGCT-3') and single-stranded DNA prepared from 
pSHL25 was used to change the cysteine residue at Mgp1p position 523 to a 
serine (see Fig. 5), resulting in plasmid pSHL13. The 2.1 kb Sa/nHI/EcoRI 
fragment from pSHL13 was ligated to pBLUESCRIPT SK(+) to produce 
pSHL27. The 2.2 kb Sa/l/SacI fragment contaning from pSHL27 
was cloned into YEp351 or pRS305 to produce pSHL29 and pSHL150. SHL29 
and pSHL150 were introduced into msg1 mutants E221/L1 and E98/L1 by 
transformation. Plasmid pSHL150 was linearized at unique Nde\ site (752) 
prior to transformation. 
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RESULTS 
Characterization of respiratory deficient mutants E221/L1 and 
E98/LM1. E221 /L1 and ESS/LMI are two independently isolated respiratory 
deficient mutants of yeast. Each mutant forms respiratory-competent diploids 
when mated to apo strain with a wild type nuclear genome, indicating they 
contain wild type mitochondrial DNA and recessive nuclear petite mutations. 
A diploid formed by mating these two strains is respiratory deficient, indicating 
the two mutations are members of a single complementation group, and most 
likely contain a mutation in the same genetic element. Hereafter, the mutant 
alleles in E221 /L1 and E98/LM1 are termed msg1-1 and msg1-2 (mutation 
5uppressible by MQP1), respectively. Typical of many nuclear petite mutants, 
E221/L1 and E98/LM1 are both slightly leaky for growth on nonfermentable 
substrates (EG). In other words, slight growth is detectable on EG plates after 
24 hours at 30®C. The respiratory defect is clearly scorable, however, in 
comparison to wild type strains. 
The visible absorption spectra of mitochondrial membranes from E221/L1 
and E98/LM1 showed complete loss of both cytochromes a/ag and b (Fig. 1). 
Thus, mutations in MSG1 cause defects in at least two mitochondrial enzymes, 
cytochrome c oxidase and CoQH2-cytochrome c reductase. This pleiotropic 
deficient phenotype is typical of blocks in mitochondrial protein synthesis (55). 
Strains with the msg1-1 and msg1-2 mutations were examined for 
frequency of spontaneous deletion of mtDNA as described in Materials and 
Methods. mtDNA in the msg1-1 strain was completely stable whereas the 
msg1-2 mutant produced 12%pO orp" derivatives after growth for 40 
generations in rich glucose medium. These low rates are in contrast to 
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pleiotropic nuclear petites defective in mitochondrial protein synthesis, which 
typically produce mtDNA deletion derivatives at rates of 25%-60% (36). 
The pleiotropic deficiencies caused by msg1 mutations were further 
examined by analysis of mitochondrial translation products. Products of 
mitochondrial protein synthesis were labeled selectively with [35s].methionine 
in cells incubated in the presence of cycloheximide, a specific inhibitor of 
cytoplasmic ribosome function. Mitochondrial proteins were separated by 
SDS-PAGE and visualized by autoradiography. Figure 2 shows the msg1 
mutants contain normal levels of cytochrome b, the ribosomal protein VAR1, 
and subunit 6 of the mitochondrial ATPase. However, all three 
mttochondrially-coded components of cytochrome c oxidase are present in 
severely reduced levels in the msg1 mutants compared to wild type strain 
D273-10B/A1. 
Northern hybridization analysis was used to characterize transcription of 
mitochondrial genes. Mitochondrial RNA was isolated from wild-type strain 
D273-10B/A1 and msg1 strains, separated by electrophoresis in 
nondenaturing agarose gels, transferred to nitrocellulose membranes and 
hybridized to cloned mtDNA fragments containing C0X1 or C0X2, coding for 
subunit 1 and subunit 2 of cytochrome oxidase, respectively. Figure 3 shows 
transcription of C0X1 and C0X2 proceeds normally in the msg1 mutants. The 
RNA species larger than the mature transcripts of C0X1 and C0X2 are 
incompletely processed precursors which were also detected in the wild type 
strain. Thus, transcription of mtDNA in msg1 mutants occurs normally, even in 
instances where the gene products do not accumulate. 
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Cloning and sequence determination of MGP1. Plasmids capable of 
restoring respiratory function to tlie msg1-1 mutant E221/L1 were selected 
after transformation witli a genomic library of wild type yeast DNA. Respiratory 
competence of four independent transformants was caused by the presence 
of a plasmid, as shown by cosegregation of the plasmid-borne LEU2 gene 
(Leu+) and the ability to grow on nonfermentable substrates. Mapping of 
restriction endonuclease recognition sites and Southern hybridization analysis 
showed all four plasmids contained overlapping genomic inserts (data not 
shown). Plasmid pG122/T1 was used in further analyses. The 6.4 kb 
genomic insert of pG122/T1, and various subfragments thereof, were cloned 
in the LEU2,2n circle-based vector YEp351 (pG122/ST1-ST6; Fig. 4). Each 
subclone was transformed into E221/L1 and tested for the ability to restore 
respiratory competence. The smallest region of DNA detected as being 
capable of complementing msg1-1 is the 2.6 kb Sst\/Sst\ insert in pG122/ST4 
(Fig. 4). 
The sequence of a 2094 nt SamHI/EcoRI fragment within the genomic 
insert of pG122/ST4 was determined (Fig. 5; all nt numbers in this dissertation 
refer to this figure.) This sequence contains a 1578 bp, ATG-initiated open 
reading frame, termed MGP1, coding for a protein with predicted molecular 
weight of 58,408 Da. The first 24 amino acids of the MGP1 product, termed 
Mgp1p, are rich in basic and hydroxylated residues, a characteristic of 
mitochondrial targeting peptides (25). The deduced amino acid sequence of 
Mgp1p was compared with protein sequences in the available data bases. 
Significant homology was detected between residues 270-460 of Mgp1p and 
members of p21''as.reiated protein superfamily (12,59). As an example. 
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Figure 8 sliows an alignment between p21 H-ras and Mgp1 p. The proteins 
contain the same amino acids at 28% of the residues over a 153 residue span 
with four insertion/deletions in the alignment. The similarity is particularly 
strong in regions of p2lH-ras known to interact with guanine nucleotides (7, 
59). 
Similar alignments have been made between Mgpip and rho or ypt 
proteins (data not shown). An additional region of potential homology with 
p21 ras.reiated proteins occurs at the C-terminus. Like many p21 ras-reiated 
proteins and other proteins (24), Mgpip contains a cysteine residue, Cys523, 
four amino acids from the C-terminus. The Mgpip carboxyl terminus does not 
absolutely match the canonical C-A-A-X box sequence (C: cys; A: aliphatic 
amino acid; X: any amino acid), however, because of the inclusion of a glycine 
at the penultimate residue (Table 3). 
Disruption of MGP1. To determine whether the cloned gene MGP1 is the 
wild-type gene defined by msg1-1 and msg1-2, two different mutant alleles 
were created by replacing the chromosomal MGP1 gene with mutant forms in 
which the coding region had been disrupted by either an insertion 
{mgp1::LEU2) or a substitution {mgp1::URA3). These loss of function alleles 
were created as described in Materials and Methods, and are shown in Figure 
7. Each allele was introduced into the Ieu2, ura3 strain W303-1A, so that 
leucine prototrophy (Leu+; strain was designated as SLY102) or uracil 
prototrophy (Ura+; strain was designated as SLY103 ) marks the presence of 
mgp1::LEU2 or mgp1::URA3, respectively. Southern hybridization analysis of 
genomic DNA confirmed the substitution of MGP1 by the disrupted alleles 
(Fig. 7). In these analyses, wild type and mutant DMAs were digested with 
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EcoRI (for confirmation of mgp1::LEU2) or with Hind\\\ (for confirmation of 
mgp1::URA3). A [32p].iabeled Kpnl/EcoR\ fragment of MGP1 (nt 155 to 1628; 
Fig. 7) was used as the hybridization probe. Wild type DNA cleaved with 
£coRI produced a single fragment of approximately 3.0 kb, whereas this 
fragment was not detected in mutant strain SLY102. Instead two new 
fragments of 3.4 and 2.6 kb were present, corresponding to the predicted 
restriction map of mgp1::LEU2. Wild type DNA contained two Hind\\\ 
fragments of approximately 9.0 kb and 3.5 kb, in agreement with the restriction 
map of MGP1. Both wild type fragments were missing in mutant DNA from the 
SLY103 strain. Instead, a single 8.3 kb fragment was present, consistent with 
the predicted restriction map of mgp1::URA3. 
Inactivation of MGP1 was also demonstrated by the absence of MGP1 
transcripts in total RNA isolated from the mgp1::URA3 strain SLY103 (Fig. 8). 
Wild type cells contain a single transcript of approximately 1.6 kb consistent 
with the MGP1 sequence, and this transcript was absent from the SLY103 
strain. 
Taken together, the Southern and Northern hybridization data confirmed 
MGP1 is inactivated in strains SLY102 and SLY103. Both strains, however, 
grew as well as the wild type parent strain on both nonfermentable and 
fermentable carbon sources. Thus, MGP1 loss of function alleles do not 
cause the respiratory deficient phenotype oimsgl alleles. 
Genetic linkage of MGP1 and MSG1. The discrepancy in the phenotypes 
caused by msg1 and mgp1 mutations suggests MGP1 may be a suppressor 
gene that can restore strains containing msg1 to respiratory competence 
when present in multiple copies, as would be the case in the original 
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transformation of E221 /L1 witli the genomic library. Therefore, linkage 
analysis was used to determine whether MGP1 and MSG1 are the same 
genetic element. The msg1-1 strain E221/L1 was mated with the SLY102 
strain. The resulting diploid was induced to sporulate, and the phenotype and 
genotype of the meiotic spore clones were analyzed after dissection of tetrads 
by micromanipulation. Individual meiotic products containing mgp1::LEU2 
(Leu+) showed either the respiratory competent or respiratory deficient 
phenotypes. Therefore, the MGP1 locus is not responsible for respiratory 
defects and LEU2 gene associated with the mgp1 locus is unlinked from 
msg1, the gene which is responsible for the respiratory deficient phenotype. 
Multiple copies of MGP1 are required for suppressor function. To test 
if MGP1 is able to suppress the msg1 mutant alleles when present in relatively 
low copy number, MGP1 was introduced into msg1 strain E98/LM1 as part of 
an integrative plasmid. Plasmid pSHL139 contains MGP1, but lacks any yeast 
replication origin, therefore requiring chromosomal integration for stable 
transformation. This plasmid was linearized at the unique Nde\ site internal to 
the MGP1 coding region (Fig. 5) and used to transform E98/LM1 to leucine 
prototrophy (Materials and Methods). Of seven transformants, five were 
respiratory competent and two were respiratory deficient. Chromosomal 
integration of the transforming DNA was demonstrated by Southern 
hybidization analysis, and MGP1 copy number was quantified by scanning 
radiodetection (Table 4). Two respiratory competent transformants tested 
contained three extra copies of MGP1 integrated into the MGPïchromosomal 
locus, whereas the two respiratory deficient transformants tested contained 
only one extra copy of MGP1. Therefore, three extra copies of MGP1 
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suppress msg1-2, but a single additional MGP1 gene does not suppress this 
mutation. The cytochromes spectra of respiratory competent transformants 
were taken, indicating the complements of respiratory enzyme complexes 
were restored by additional doses oiMGPI (Fig. 1). 
Specific mutations inactivate MGP1 suppressor function. Site-directed 
mutagenesis of MGP1 was used to test whether the putative GTP-binding 
domain is essential for its suppressor function. Residues 281-288 of Mgpip fit 
the conserved sequence of the G1 region of p21''as.related proteins, wliich in 
p2lH-ras ig known to interact with nucleotide phosphate groups (7). This 
region in Mgpl was deleted by site-directed mutagenesis, and the mutant 
allele, termed mgp1A281-289, was introduced into msg1-1 mutant E221/L1 as 
part of multicopy plasmid pSHL138. The transformants containing mgp1A281-
289 allele were all respiratory deficient (Fig. 9A), indicating the putative 
phosphate binding site in Mgpip is essential for its suppressor function. 
A similar approach was used to test if Cys523 near the C-terminus of 
Mgpip is required for function. This residue was changed to a serine by site-
specific mutagenesis, and the mutant allele was introduced into 
msgl mutants E221/L1 and E98/LM1 as part of multicopy (pSHI_29) or 
integrative plasmids (pSHLISO). The transformants from this experiment 
showed various degrees of respiratory competence. Multiple copies of 
/rjgpySer523 did not suppress msg1-2 in E98/LM1 but did allow slow growth 
of the msgY-Y strain E221/L1 (Fig. 9A). Quantitation of the growth rate, 
however, showed clearly that multiple copies of did not fully 
suppress msg1-1 (Fig. 9B). These results indicated Cys523 is necessary for 
Mgplp's suppressor function. 
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DISCUSSION 
The effect of msgl mutations on mitochondrial biogenesis. 
Characterization of yeast strains E221/L1 and E98/LM1 with mutations in 
MSG1 indicated this nuclear gene is required for assembly of the 
mitochondrial respiratory complexes coenzyme QHg-cytochrome c reductase 
and cytochrome c oxidase. Mutations in MSG1 clearly cause pleiotropic 
deficiencies in biogenesis of these enzymes, as shown by the simultaneous 
loss of cytochromes b and a/a  ^from the mitochondrial inner membrane. 
Absence of the cytochrome b holoenzyme, however, is not caused by failure 
to express the mitochondrial gene COB, as transcription and translation of 
apocytochrome b proceeds normally in the mutants. Transcription of the 
mitochondrial genes C0X1 and C0X2, coding for subunits of cytochrome 
oxidase, also occurs normally, however, accumulation of all three 
mitochondrial translated components of this enzyme was significantly 
reduced. 
How could msgl mutations cause these diverse defects in mitochondrial 
biogenesis? The effects on expression of the mitochondrially coded 
cytochrome c oxidase subunits suggested translation defects. Similar 
mutations are known, however, in all instances only a single mitochondrial 
product is affected by each nuclear mutation (16,21,34,41). Furthermore, in 
addition to affecting translation of cytochrome c oxidase subunits, msgl 
mutations also affect assembly of cytochrome bat a step subsequent to 
translation of the apoprotein. A more likely explanation is msgl mutations 
cause a general defect in assembly of respiratory complexes. The apparent 
reduction in cytochrome c oxidase subunit translation could be due to 
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differential turnover rates of the unassembled subunits compared to that of 
apocytochrome b. Differential turnover rates of unassembled cytochrome c 
oxidase, particularly subunit 1, have been observed previously (37,57). 
MGP1 defines a novel branch of p21''^ s-related protein superfamily. 
To date three extensive branches of the p21''3S.related protein superfamily are 
known, namely ras proteins, rho proteins, ypt/rab proteins. In addition, the 
protein, tc4 is the only known member of a potential fourth branch (19,59). 
Sequence comparisons between proteins within a branch typically reveal 
identical amino acids at 50% or more of the residues, whereas comparisons 
between proteins from two different branches typically show approximately 
30% identity. Proteins from three extensive branches of the superfamily are 
known to be highly conserved in evolution, for example to the level of 80% 
amino acid identity or greater in comparisons of yeast and human proteins. In 
some cases functional homology has been demonstrated between fungal and 
mammalian versions of a particular protein (6). The homology shared among 
the superfamily as a whole is located in regions of p21 H-ras known to form a 
guanine nucleotide binding pocket (7,59). Other proteins containing a similar 
nucleotide binding pocket, for example the translation factor EF-Tu or the a 
subunit of trimeric G-proteins, exhibit approximately 20% identical amino acids 
when compared to proteins from any branch of the p21''as_reiated protein 
superfamily. In general the ras subfamily has been implicated in controlling 
cell proliferation (4) the ypt/rab family in controlling events in the secretory 
pathway (30,48), and rho proteins in controlling cell morphology (27 and 
references therein). 
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The product of the yeast gene MGP1, Mgp1p, displays approximately 30% 
identity when compared to proteins from any of the three main branches of the 
p2iras.|'eiated protein superfamily, and approximately 20% identity when 
compared to EF-Tu and other elongation factors (data not shown). Thus, 
Mgp1p is more closely related to p21''as.reiated proteins than to other G-
proteins, and is as closely related to p21''3S as is any member of the ypt/rab, 
rho, or tc4 subfamilies. Mgp1p, however, does not display a higher degree of 
homology to any one of the four known subfamilies than to any other. Thus, 
Mgpip may represent a fifth general class of p21''®s.related protein. Isolation 
of additional Mgpip homologs will be required to determine whether this 
protein is conserved in evolution, as are proteins from the other three main 
branches of the p21''®s-related protein superfamily. 
The role of MGP1 In mitochondrial biogenesis. MGP1 was isolated 
based on its ability to restore respiratory competence to strains with msg1 
mutations. Genetic analysis indicated MGP1 and MSG1 are separate genetic 
elements, and that multiple copies of MGP1 are required for suppression of 
respiratory deficiency caused by msg1 mutations. In the accompanying study 
Mgpip is shown to be a mitochondrial membrane protein (58). Taken 
together, these data clearly implicate MGP1 in biogenesis of mitochondrial 
enzymes. This is the first example of a p21 ras.related protein known to be 
involved in mitochondrial function. 
MGP1 may function by a similar mechanism as p21'"8s as evidenced by in 
vivo functional assay with mgp1 mutant alleles, mgp1A281-289 and 
mgplSer523  ^ The residues 281-288 in Mgpip are conserved in all p21''as. 
related proteins (the phosphate binding region G-1 ; 7). A mutation of MGP1 
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resulting in elimination of these residues, mgp1L281-289, did not restore 
respiratory competence to msg1 strains, suggesting guanine nucleotide 
binding Is required for the function of Mgp1 p. 
A sequence resembling the carboxyl terminal CAAX motif, frequently found 
in p21''as-related proteins, is present in Mgp1p. In p21''as  ^this cysteine is 
polyisoprenylated, then the three C-terminal amino acids are cleaved, followed 
by carboxymethylation on the newly exposed a-carboxyl group of cysteine 
(24). Some or all of these modifications are required for membrane binding 
and biological activity of p21'"3s. The mutation did not have 
suppressor function in vivo and in the accompanying study (58) this mutant 
protein results in reduced levels of binding to mitochondrial membrane in vitro. 
These data suggest C-terminal posttranslational modification is also required 
for Mgplp's function. 
The complexity in biogenesis of rnitochondrial enzyme complexes involves 
not only the coordinated expression of nuclear and mitochondrial gene but 
also events after each individual protein subunit is translated. General events 
including protein import into mitochondria, proteolytic processing, folding into 
appropriate tertiary structures, and assembly Into heteroollgomeric 
complexes, are all known to be catalyzed by specific groups of proteins (3, 
39). For example, chaperonin proteins hsp60 or mhsp70 bind transiently to all 
the mitochondrial proteins imported from cytoplasm to prevent incorrect 
folding and assembly. Additional protein factors are required for assembly of 
individual respiratory complexes. For example, the ATP11 and ATP12 proteins 
are required for assembly of mitochondrial F^ATPase subunits (1,8) and the 
C0X11 and COX10 proteins are implicated in assembly of cytochrome c 
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oxidase (37,57) even though none of these proteins are components of the 
holoenzyme. This complex procedure for mitochondrial biogenesis may be 
influenced depending upon the metabolic status of the cell. This study 
identifies Mgp1p as a protein capable of generally influencing mitochondrial 
biogenesis using a molecular switch mechanism conserved in p21''as.reiated 
proteins. 
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TABLES 
TABLE 1. Genotypes and sources of S. cerevisiae strains 
Strains Genotype Source 
D273-10B/A1 a,p + ,mef6 54 
LL20 a, p+Jeu2-3,112,his3'11,15 38 
KL14-4B a,p°,aux P. SlonimskiS 
51 a,po,aux P. Slonimski 
W303-1A a, p + ,ade2'1,his3-11,15,leu2-3,112,trp1-1, R. Rothsteinb 
ura3-1 
E221 a,p + ,met6,msg1-1 This study 
E221/L1 a, p + Jeu2-3,112,msg1-1 E221X LL20 
E98 a,p'*',met6,msg1-2 This study 
E98/LM1 a, p + ,leu2-3,112,msg1-2 E98XLL20 
SLY102 a, p+,leu2-3,112,ade2-1,his3'11,15,trp1- This study 
1,ura3'1,mgp1::LEU2 
SLY103 a, p+,leu2-3,112,ade2-1,his3-11,15,trp1- This study 
1,ura3-1,mgp1::URA3 
3 Centre de Genetique Moleculaire, Centre National de la Recherche 
Scientifique, Gif-Sur-Yvette, France. 
b College of Physicians and Surgeon, Columbia University, New York. 
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TABLE 2. Plasmids 
Name Insert Allele Source Cloning vector 
PG122/T1 6.4kbSau3A 
PG122/T2 
PG122/T3 
PG122/T4 
PG122/ST1 
PG122/ST4 
PSHL25 
PSHL101 
PSHL102 
PSHL103 
PSHL104 
PSHL105 
partial digest 
5.7 kb Sau3A 
partial digest 
7.4 kb Sau3A 
partial digest 
4.3 kb 
BamHI/Xbal 
2.6 kb 
Sstl/Sstl 
2.1 kb 
SamHI/EcoRI 
1.3 kb 
Nsil/Nsil 
3.0 kb 
Bg/ll/Bg/ll 
(LEU2) 
2.6 kb 
Ssfl/Ss« 
Pstl created at 
3' ofEcoRI 
1.1 kb 
Bg/ll/Ns/l 
(URA3) 
MGP1 
MGP1 
MGP1 
MGP1 
MGP1 
MGP1 
MGP1 
MGP1 
Nuclear 
genome 
YEp13 (10) 
Nuclear 
genome 
YEp13 
YEp13 
PG122/T1 YEp351 (26) 
Nuclear 
genome 
PG122/ST1 YEp351 
PG122/ST4 pUC119(60) 
pSHL25 pUC118(60) 
mgp1::LEU2 pSHLIOI pUCIIS 
pSHL25 YEp352S (26) 
PSHL103 YEp352S 
mgp1::URA3 pSHL104 YEp352S 
TABLE 2. (Continued) 
Name Insert Allele Source Cloning vector 
pSHL13 point mutation pSHL25 pUC119 
at nt 15673 
pSHL26 2.1 kb MGP1 pSHL25 pBLUESCRIPT-
SamHI/fcoRI SK(+)b 
pSHL27 2.1 l<b mgplS '^'523 pSHL13 pBLUESCRIPT-
SamHI/EcoRI SK(+) 
pSHL28 2.2 kb MGP1 pSHL26 YEp351 
Sal\/Sac\ 
pSHL29 2.2 kb mgplS '^'523 pSHL27 YEp351 
Sal\/Sac\ 
PSHL30 2.2 kb MGP1 pSHL26 pRS315 (51) 
Sal\/Sac\ 
PSHL136 deletion at mgp1 PSHL25 pUC119 
nt 841-8673 A281'289 
PSHL137 2.1 kb mgpl pSHL136 pBLUESCRIPT 
SamHI/EcoRI A281-289 SK(+) 
PSHL138 2.2 kb mgp1 PSHL137 YEp351 
Sall/Sac\ A281-289 
PSHL139 2.2 kb MGP1 PSHL26 pRS305 (51) 
Sal\/Sac\ 
PSHL150 2.2 kb mgp1^ '^^ ^23 pSHI_27 pRS305 
Sâ/1/Sacl 
3 Nucleotide numbers correspond to figure 5. 
b Stratagene, San Diego, CA. 
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TABLE 3. C-A-A-X motif of Mgp1p and other p21''as-reiated proteins 
H-ras (11) P D E S G P G C M S C K C V L S 
N-ras (52) S D D G T Q G C G G L P G V V M 
rap-la (39) T P V E K K K K P K K K C L L L 
rap-2 (39) A Q P D K D D P C C S A C N 1 Q 
R-ras (28) P S A P R K K G G G C P C V L L 
RAS2 (42) T S E A S K S G S G G C C 1 1 S 
K(B)-ras (50) E G K K K K K K S K T K C V 1 M 
rhoA(63) A L Q A R R G K K K S G C P 1 L 
rho C (13) G L Q V R K N K R R R G C P 1 L 
Mgplp 1 E E 1 L D S V F S K F C 1 G K 
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TABLE 4. Quantitation of gene copy number  ^
Parental MGP1 Introduced MGP1 Additional Growth 
fragment (cpm) fragment (cpm) copies on EG 
Transformant 1 430,355 1,120,731 3 + 
Transformant 2 141,842 123,121 1 -
3 In Southern blot analysis the parental MGP1 allele was detected as a 3.0 kb 
EcoRI fragment, and additional copies introduced by integration of piasmid 
pSHL139 were detected as a 4.2 kb EcoRI fragment (data not shown). 
Radioactive counts hybridized to each fragment from an MGP1 probe were 
quantified by scanning radiodetection. 
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FIGURES 
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D273-10B/A1 E98/LM1 E98/LM1+MGPr 
525 550 575 600 625 
nm 
J 0.02 A 
I 1 1 1 1 
525 550 575 600 625 
nm 
525 550 575 600 625 
nm 
FIG. 1. Absorption spectra of mitochondrial cytochromes in wild type and 
in msg1-2 mutant strain E98/LM1. Mitochondria from E98/LM1 and parental 
strain D273-10B/A1 were extracted with 1% deoxycholate and 1M KCI at a 
final protein concentration of 8,3 mg/ml (D273-10B/A1), 5.5 mg/ml 
(E98/LM1), and 8.3 mg/ml (E98/LM1+MGP1). Difference spectra of the 
extracts oxidized with potassium ferricyanide and reduced with sodium 
hydrosulfite were recorded at room temperature in a Beckman DU-7400 
spectrophotometer. 
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 ^VAR1 
C0X1 
 ^C0X2 
 ^CYT B 
 ^C0X3 
 ^ATP6 
FIG. 2. In vivo labeling of mitochondrial translation products in wild type 
and msg1 mutants. Yeast cells were labeled with [35s]methionine in the 
presence of cycloheximide. Total mitochondrial proteins were separated by 
SDS-PAGE on 7.5-15% polyacrylamide gel and the radioactively labeled 
translation products were visualized by autoradiography. Mitochondrial 
translation products Identified in the margin are VAR1 (a subunit of 
mitochondrial ribosomes), C0X1, C0X2, C0X3 (subunits 1, 2,3 of 
cytochrome oxidase), CYT B(cytochrome b), and ATP6 (subunit 6 of 
mitochondrial ATPase). These assignments were made based on comparison 
to previous assays of this type (21, 57). 
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Probe: C0X1 C0X2 
FIG. 3. Northern hybridization analysis of subunit 1 (C0X7) and subunit 2 
(C0X2) cytochrome oxidase transcripts in wild type and msg1-1 mutant 
strains. Equal amounts of total mitochondrial nucleic acid (2^g) from the 
respiratory competent strain D273-10B/A1 and from msg1-1 mutant strain 
E221/L1 were separated on a 1.2% agarose gel and transferred to 
nitrocellulose paper. The blotted nucleic acid was hybridized to random-
priming labeled fragments of mtDNA from the C0X1 gene or C0X2 gene. 
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Restoration of 
Plasmid Genomic DNA Fragment respiration 
PG122/ST6 _ 
pG122/ST5 _ 
PG122/ST4 : _j_ 
pG122/ST3 _ 
pG122/ST2 
PG122/ST1 _{_ 
pG122m S  K G  H E S  E  X  
MGP1 
+ 
FIG. 4. Localization of MGP1. Restriction map of wild type yeast genomic 
DNA isolated by transformation oimsg1-1 mutant strain E221/L1 is shown in 
the lower part of the figure. The regions of DNA subcloned into YEp351 are 
denoted by bars. Transformation of the msg1-1 strain to respiratory 
competence is indicated by the plus signs and lack of transformation by the 
minus signs. The restriction sites of Sst\ (S), Kpn\ (K), Hind\\\{H), EcoRI (E), 
Sg/1I(G) andXbal (X) are marked. The location and direction of transcription 
of the reading frame identified as MGP1 is indicated by the solid arrow. 
FIG. 5. Nucleotide Sequence of MGP1 and flanking regions. Only the sequences of the sense 
strand are shown for the coding regions. The reading frame identified to be the MGP1 gene starts at 
nucleotide +1 and ends at nucleotide +1578. The sequence of the protein encoded by this gene is 
shown above the nucleotide sequence. 
400 GATCCGAGATTCCGCGCTTCCACCACTTAGTATGATTCA 
360 TATTTTATATAATATATAAGATAAGTAACATTCCGTGAATTAATCTGATAAACTGTTTT6ACAACTGGTTACTTCCCTAAGACTGTTTAT 
270 ATTAGGATTGTCAAGACACTCCGGTATTACTCGAGCCCGTAATACAACAGTCTTCAATACAAATCGGGCGTGTGGCGTAGTCGGTAGCGC 
180 GCTCCCTTAGCATGGGAGAGGTCTCCGGTTCGATTCCGGACTCGTCCATTTTTTATTTTTTATGGCTAATCAACCCATATATAACGTCTT 
-90 TTATACGAGGTTACATGAAGATACAGCAATATTCCATACGACTGCTACCTACTTAGAGAATGTTATATATGGTTAATAAGTATTCTATTT 
M N S A S F S Q S R L I  S R S F L V R R S L K R Y S G L A K  
1 ATGAATAGTGCATCTTTCTCACAATCACGGCTTATTTCGAGATCCTTTCTCGTAAGAAGGTCGTTAAAGAGGTACTCCGGACTTGCAAAG 
P Y T F Q Q P T I Y A L S T P A N Q T S A I A I I R I S G T  
91 CCTTATACCTTCCAGCAACCAACCATATATGCATTATCTACACCAGCAAATCAAACCTCTGCGATA6CAATCATAAGAATATCTGGTACC 
H A K Y I Y N R L V D  S  S T V P P  I R K A I . L R N I Y S P  S  
181 CATGCTAAGTACATTTACAATCGACTAGTTGATTCAAGTACAGTTCCGCCGATCAGGAAGGCTATTTTGAGGAACATTTATTCGCCGTCC 
2 S C S V K P H D Q K E S K I L L D T S L L L Y F Q A P Y S F  
271 TCTTGTAGTGTGAAACCTCATGATCAAAAGGAAAGTAAAATATTATTAGACACATCGTTGTTGCTATATTTTCAAGCTCCTTATTCATTT 
T G E D V L E L H V H G G K A V V N S I L K A I G S L H D R  
361 ACTGGTGAGGATGTGTTAGAGCTGCACGTTCACGGCGGGAAAGCCGTAGTTAATAGTATACTGAAAGCTATCGGCTCGTTACACGATAGA 
S S D K D I R F A L P G D F S R R A F Q N G K F D L T Q L E  
451 AGCAGTGATAAAGATATAAGATTTGCCTTGCCTGGCGACTTCTCCAGGAGGGCGTTTCAAAATGGAAAGTTTGACCTTACCCAACTTGAA 
G I K D L I D S E T E S Q R R S A L S S F N G D N K I L F E  
541 GGTATCAAAGATCTTATTGATTCGGAAACAGAATCTCAAAGGAGATCTGCCTTGTCAAGTTTCAATGGGGATAACAAAATCCTÀTTTGAG 
N W R E T I I E N M A Q L T A I I D F A D D N S Q E I Q N T  
631 AACTGGAGGGAAACCATTATCGAGAATATGGCACAGTTGACTGCTATAATAGATTTTGCCGACGATAATAGCCAAGAAATTCAGAATACG 
D E I F H D V E K N I I C L R D Q I V T F M Q K V E K S T I  
721 GATGAGATTTTCCATGATGTAGAAAAGAACATCATATGTCTGCGAGACCAAATCGTTACTTTCATGCAAAAAGTCGAAAAGTCTACCATA 
FIG. 5. (Continued). 
L Q N G I K L V L L G A P N V G K S S L V N S L T N D D I S  
811 CTGCAAAATGGAATAAAGCTGGTATTACTTGGTGCTCCCAATGTCGGTAAGTCATCATTAGTTAACAGCTTGACTAACGATGATATATCA 
I V S D I P G T T R D S I D A M I N V N G Y K V I I C D T A  
901 ATTGTCAGTGATATACCTGGCACTACTAGGGATTCTATCGATGCAATGATAAACGTGAATGGCTATAAGGTTATTATCTGTGATACGGCA 
G I R E K S S D K I E M L G I E R A K K K S V Q S D L C L F  
991 GGTATAAGAGAAAAGAGTTCTGACAAGATAGAAATGCTGGGTATAGAAAGAGCAAAGAAGAAAAGCGTACAGAGCGACTTATGTTTATTC 
I V D P T D L S K L L P E D I L A H L S S K T F G N K R I I  
1081 ATTGTAGATCCTACTGATTTATCAAAACTTTTGCCTGAGGACATATTAGCACACCTATCATCGAAGACGTTTGGAAATAAGAGAATAATT 
I V V N K S D L V S D D E M T K V L N K L Q T R L G S K Y P  
1171 ATTGTAGTCAATAAGAGCGACTTAGTTTCCGATGATGAGATGACGAAAGTTTTGAACAAATTACAAACTAGACTCGGATCAAAGTACCCC 
I L S V S C K T K E G I E S L I S T L T S N F E S L S Q S S  
1261 ATATTAAGCGTGTCCTGTAAGACCAAGGAGG6AATAGAATCGTTAATTAGCACTCTGACAAGTAATTTTGAAAGCTTGTCTCAATCAAGT § 
A D A S P V I V S K R V S E I L K N D V L Y G L E E F F K S  
1351 GCCGATGCAAGTCCTGTCATTGTTTCCAAAAGAGTGTCAGAGATTCTCAAAAACGACGTACTGTACGGCTTGGAAGAGTTTTTCAAATCC 
K D F H N D I V L A T E N L R Y A S D G I A K I T G Q A I G  
1441 AAAGATTTCCATAATGATATAGTATTGGCCACAGAAAATTTGAGGTATGCATCCGATGGAATAGCTAAGATAACAGGACAAGCTATTGGT 
l E E I L D S V F S K F C l G K  * * *  
1531 ATTGAGGAAATCTTAGATTCAGTGTTCAGCAAATTTTGTATAGGGAAATAACCTAGTTACAATCATGCTGTATATAAATAAAAGAAAATT 
1621 GATTAACGCTTCGGTACAGAGAGGTGAGAGTAGAGGGGCCCCTGATTATACACCAACGAAATGGAAATGGTTTGAATTC 
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Mgplp: 272 Q N G I K L V L L 
p2l: 1 M T E Y K L V V V 
6 A 
6 A 
P N 
G G 
V G K S 
V G K S 
V N SILIT N 
T I Q|^I Q 
Mgplp: 
p21: 
Mgplp: 
p21: 
297 
26 
320 
49 
D D I S I v l s D I P  
N H F V D E Y D 
N  G  Y  K  V  i m C  
E  T  C  L  L  D  l l L  
D T A G 
D T A G 
T R 
I E 
I R 
Q E 
D S 
D S 
D  
R K Q 
Mgplp; 345 lERAKKKSVQSD 
p 2 1 :  7 3  - - - - - - R T G E G F  
L C 
L C 
Mgplp: 370 
p21: 92 
Mgplp: 395 
p21: 117 
L L P E D I L A H L S S  
D I H Q Y R E Q I K R V  
D L 
D L 
V S D D E M T K V L N K  
A A R T V E S R Q A Q D  
M m N  V  
v m o  G  
S D K I E M L G  
A M R D Q Y M -
I  V  D  P I T I D  L  S  K  
A I N  N  T  K  S  F  E  
F  G  N  K  R  
S  D  D  V  P  
I  I  I  V  V  N  
M  V  l Iv Ig In j  
Q  T  R  L I G I S  K  Y  
A  R  S  Y  G  I  
Mgplp: 420 P  I  L  S  V  S  C  K  T  K  E  G  I  E  S  L  I  S  T  L  T  S  N  » » 
p21: 140 P Y I E T S A K T R Q G V E D A F Y T L V R E I R 
Mgplp: 443 F E S L S Q S S A D A S P V I V S K R V S E 
p21: 165 Q H K L R K L N P P D E S G P G C M S C K C V L S 
FIG. 6. Similarities between the predicted amino acid sequences of Mgplp and 
the primary sequence of p21^*'^ ^® (11). Identical amino acids are boxed. 
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A Probe f\m  ^ >. 
MGP1 
mgp1::LEU2 
E s K *H E 
mgp1::URA3 ' 
URA3 
FIG. 7. Disruption of MGP1. A. Restriction maps of wild type MGP1 and of 
the disruption alleles mgp1::LEU2 and mgp1::URA3. The location of 
recognition sites for EcoRI (E), Sstl (S), Kpn\ (K), HindWl (H), and BglW (G) are 
shown. Black bars indicate the MGP1 coding region, pointing in the 5' to 3' 
direction. White bars indicate genes inserted within MGP1. The EcoRI sites in 
the wild MGP1 gene define a 3.0 kb fragment, and the figure is drawn to scale. 
B. Southern hybridization analysis of genomic DNA. The probe used in this 
experiment is shown in panel A, and genotypes are described in Table 1. 
Lane1, SLY102 DNA digested with EcoRI; lane 2, W303-1A DNA digested with 
EcoRI; lane 3, SLY103 DNA digested with HindlW] lane 4, W303-1A digested 
with HindWl The sizes of the restriction fragments detected by the probe are 
marked in the margin as estimated by molecular weight standards. 
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/ 
# / 
1.6 kb  ^
FIG. 8. Northern hybridization analysis 0WGPI transcript. Approximately 
4 mg of total RNA from wild type strain W303-1A and the mgp1::URA3 mutant 
strain SLY103 was separated on a 1.2% agarose gel containing 2.2 M 
formaldehyde. Following transfer to nitrocellulose paper, the blot was 
hybridized with a random-priming labeled, 1.3 kb Nsi\/Nsi\ fragment internal to 
the MGP1 coding sequence and exposed to film for 24 hr. The size of the 
MGP1 transcript, estimated by comparison to molecular weight markers, is 
indicated in the margin. 
FIG. 9. Respiratory growth phenotypes of wild type and msg1 mutant strains. A. Patches of the individual strain 
were grown on EG medium for 24 hours. Additional MGP1 alleles were provided by transformation of the indicated 
strain with episomal (E) or integrative (I) plasmids. Integration copy number (in "No." column) was determined by 
scanning radiodetection. The MGP1 plasmid was pSHL139; the episomal piasmid was pSHL29; the 
integrative piasmid was pSHL150; the episomal mgpU281-289 was pSHL138 (Table 2). B. Strains 
D273-10B/A1, msgï-t mutant E221/L1, E221/L1 containing pSHL28 {MGP1 episomal piasmid) or pSHL29 
(mgpY^Gf523 episomal piasmid) were grown to the mid-log phase in liquid EG medium. Cultures were then diluted 
to approximately Agoo = 0.01 in the same medium. The Agoo was determined at the indicated times after dilution. 
A. 
Strain 
D273-10B/A1 
E98/LM1 
E98/LM1 
E98/LM1 
E221/L1 
E221/L1 
D273-10B/A1 
E221/L1 
E221/L1 
Additional 
MGP1 allele 
MGP1 
mgp1D281-289 
MGP1 
Growth 
No. on EG 
3:1 
E 
3:1 
2:1 
E221/L1 
B. 
10.0 
5.00 -
1.00-
0.50 -
0.10-
0.05 -
"-OO-'O 
1—r~i—I—I—i~rn—i—i—r 
0 4 8 12 16 20 24 
Time (h) 
D273-10B/A1 E221/L1 
+ YEp351 
E221/I1 E221/L1 
+ PSHL28 + pSHL29 
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SECTION II. LOCALIZATION OF THE p21 ras.RELATED PROTEIN 
Mgp1 p IN YEAST MITOCHONDRIA 
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Localization of the p2iras.related Protein Mgp1p in Yeast 
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SHU-HWA LEETZENG1, BRIAN R. MILLER2 MICHAEL G. CUMSKY2 AND 
ALAN M. MYERS1* 
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ABSTRACT 
The yeast gene MGP1 functions in mitochondrial biogenesis, and 
codes for Mgp1p, a member of the large superfamily of p21''3s.related 
proteins. The amino terminal sequence of Mgp1p is typical of mitochondrial 
targeting peptides, suggesting it is a mitochondrial protein. Mgp1p was 
detected immunologically in cells expressing the MGP1 coding region from the 
strong promoter of the GAL10 gene, but not in wild type cells. Overproduced 
Mgp1p was located specifically in the large organelle fraction, and was 
protected by membranes from proteolytic digestion, suggesting it is located in 
the mitochondrial interior. Mitochondrial localization was confirmed by in vitro 
import experiments showing translocation and proteolytic processing of 
Mgp1p by isolated mitochondria in a reaction dependent on the inner 
membrane potential. Mgp1p cofractionated with mitochondrial membranes 
after in vitro import. Substitution of the cysteine residue Cys523, located four 
amino acids from the Mgp1p carboxyl terminus, with a serine significantly 
reduced the extent of membrane association. Thus, like many other members 
of the p21''as.related protein superfamily, a carboxyl terminal C-A-A-X 
sequence is involved in membrane localization of Mgp1 p. Mgp1p is the first 
p2iras.reiated protein shown to be located in mitochondrial membranes. 
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INTRODUCTION 
MGP1 is a nuclear gene of Saccharomyces cerevisiae that functions in 
mitochondrial biogenesis (31). In particular, multiple copies o1MGP1 
suppress the respiratory deficient phenotype caused by mutations in the 
nuclear petite gene MSG1, which arise from a general defect in assembly of 
respiratory complexes. MGP1 codes for a predicted 58 kDa protein, in which 
a 190 residue region is approximately 30% identical in amino acid sequence to 
members of the p21'"as.reiated protein superfamily (32). Typical of this 
superfamily, the specific amino acid sequences known to be directly involved 
in nucleotide binding in p2lH-ras (3) are highly conserved in Mgplp. Another 
region conserved in most p21''3S-related proteins also is found in Mgplp, 
namely the carboxyl terminal C-A-A-X sequence (Cys-aliphatic residue-
aliphatic residue-any residue) known in several instances to be post-
translationally modified and thus influence membrane localization (5,12,15). 
Previously characterized proteins of the p21''as.reiated superfamily are known 
to function as signal transduction molecules involved in regulation of various 
cell processes including control of cell division, secretion, and cell 
morphology. 
Taken together, these results suggest Mgplp is located within 
mitochondria and may function in a process of information transfer between 
the cytosol and the mitochondrial interior. Circumstantial evidence supporting 
the mitochondrial location of Mgplp is provided by its predicted amino 
terminal sequence, which is typical of mitochondrial targeting peptides in 
comprising many basic and hydroxylated amino acids (16,22,23). The 
current study investigated the subcellular location of Mgplp. In subcellular 
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fractionation experiments using polyclonal antibodies to detect Mgp1p, the 
protein co-fractionated with mitochondria. Mgp1p was imported into 
mitochondria in vitro, and processed proteolytically in a manner typical of 
many known mitochondrial proteins. In these experiments the imported 
Mgp1p co-fractionated with mitochondrial membranes, and its affinity for 
mitochondrial membranes was significantly reduced by a mutation changing 
the conserved C-terminal cysteine residue to a serine. These data identify 
Mgp1p as the first member of the p21''as.reiated protein superfamily known to 
be located within mitochondria. 
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MATERIALS AND METHODS 
Strains, media, and genetic methods. The yeast strains used in this 
study were W303-1A {MATa Ieu2 ura3 trp1 his3 ade2) and D273-10B/A1 
{MATa met6) (30). W303-1A spheroplasts were transformed with piasmid 
pSHLS as described (7), using uracil prototrophy as a selective marker (Table 
1 describes all plasmids used in this study). Nonselective media contained 1% 
Bacto yeast extract (Difco Laboratories Inc., Detroit, Ml), 2% peptone (Difco 
Laboratories Inc.), and 2% carbon source, either glucose (YPD) or galactose 
(YPGal). Selective media (WO) contained 0.67% yeast nitrogen base without 
amino acids (Difco Laboratories Inc.) and 2% glucose, supplemented with 
adenine, histidine, leucine, and tryptophan at 2Qng/m\ each. Selective media 
for transformation also contained 1.2 M sorbitol. Solid media contained 2% 
agar. Escherichia coii strain TG-1 (Amersham Corp., Arlington Hts., IL) was 
used for maintenance and amplifications of plasmids, and was maintained in 
LB medium supplemented with ampicillin at 40|tg/ml and tryptophan at 20 
ftg/ml as required (18,25). 
DNA manipulation. Recombinant DNA manipulations were performed 
using standard procedures (1,25). Oligonucleotides were synthesized by the 
Iowa State University Nucleic Acid Facility (Ames, Iowa) using a Biosearch 
8750EX automated DNA synthesizer. Oligonucleotide directed site-specific 
mutagenesis was performed as described (29), using a commercially supplied 
kit (Amersham Corp.). Nucleotide sequence analysis was by the chain 
termination method (26) using single stranded DNA prepared as described by 
Vieira and Messing (33). E. coii strain TG-1 was used for amplification of 
plasmids and/or production of single stranded DNA. 
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Preparation of Mgp1p-specific antibodies. The 750 bp Sg/ll/H/nc/lll 
fragment of MGP1 containing codons 195-445 (31) was ligated in frame to the 
amino terminal coding region of the E. coU trpE gene In vector pATH3 (18), or 
to lacZ in vector pUR291 (24). The resultant plasmids are termed pSHLS and 
pSHL4, respectively (Table 1). E. co//transformants harboring pSHia 
expressed a fusion protein of approximately 65 kDa when the trpE promoter 
was induced as described by Koerner et al. (18) in agreement with the 
expected size of the fusion protein based on the known sequences of MGP1 
and trpE (see Fig. 1). The fusion protein was recovered quantitatively in the 
insoluble protein fraction of E. coll. For immunization approximately 200-400 
^g of fusion protein was collected in a strip excised from a SDS-
polyacrylamide gel, crushed in PBS buffer (10 mM KPO4, pH 7.2,150 mM 
NaCI), mixed with complete Freund's adjuvant, and injected subcutaneously 
and intramuscularly into New Zealand white rabbits. Booster injections of 200 
HQ fusion protein in incomplete Freund's adjuvant were administered three 
and five weeks after the primary Immunization. Blood was collected 12 days 
after the third booster injection, and every week thereafter for four weeks. 
Antibodies specific for Mgpip were purified from the crude antiserum by 
affinity chromatography, as follows. The lacZ-MGP1 hybrid gene was induced 
from the lac promoter and total cell lysate was prepared (4). An affinity matrix 
coupling the lacZ-MGP1 protein product to Sepharose CL-4B (Pharmacia Inc., 
Piscataway, NJ) through monoclonal antibodies specific for |3-galactosidase 
(Sigma Chemical Co., St. Louis, MO) was prepared as described by Carroll 
and Laughon (4). Crude antiserum from rabbits Immunized with the trpE-
MGP1 product was passed over the affinity matrix, the column was washed 
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extensively with PBS, and bound IgG was eluted in 4M guanidine-HCI and 
dialyzed against PBS. This antibody fraction is denoted anti-Mgp1p. 
Subcellular fractionation of yeast cells and proteinase K protection 
experiments. Wild type and Mgp1p-overproducing strains were grown to 
early stationary phase in liquid YPGal medium, then pelleted and washed with 
1.2 M sorbitol. Cells were resuspended per gram of wet weight in 4 ml of 
digestion medium (1.2 M sorbitol, 75 mM potassium phosphate, pH 7.4,1%j8-
mercaptoethanol, 1 mM EDTA, 0.5 mg/ml of Zymolase-20T [ICN Biomedical, 
Inc. Costa Mesa, CA]) and converted to spheroplasts during a one to two 
hour Incubation at 370C. The spheroplasts were resuspended per gram of 
wet weight in 4 ml of lysis buffer (0.6 M sorbitol, 50 mM Tris-HCI pH7.5,1 mM 
EDTA, 0.1% BSA and 1mM PMSF), homogenized in Waring Blendor in two 
bursts of 10 sec each, and subjected to centrifugation at 5000 x g for 10 min. 
The resulting supernatant (SI) was spun at 10,000 x g for 15 min to obtain the 
10,000 x g supernatant (S2) and 10,000 x g pellet (P2). The P2 pellet, which is 
rich in mitochondria and other large membranous organelles, was washed 
twice with 0.5 M sorbitol, 50 mM Tris-HCI, 0.1 mM EDTA, then resuspended at 
appropriate volumes. 
In protease protection experiments the P2 fraction was suspended in 0.5 M 
sorbitol, 50 mM Tris-HCI, 0.1 mM EDTA at a protein concentration of 5 mg/ml. 
Total organellar proteins (200/*g) was incubated in 0.2 mg/ml proteinase K 
(Boehringer-Mannheim Biochemicals, Indianapolis, IN) in the presence or 
absence of 1% Triton X-100 and/or 4 M urea at O^C for 30 min, and the 
incubation was terminated by addition of 1 mM PMSF. 
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Construction of Mgp1p-overproducing yeast strain SLY101. 
Oligonucleotide MP127 (5'-AAATAGAATTCTTATTAAC-3') and single stranded 
plasmid pSHL25 (Table 1) were used for site specific mutagenesis to create an 
EcoRI site 11 nt upstream of the MGP1 initiation codon. The 1.7 kb EcoRI 
fragment containing the MGP1 coding region was excised from the resulting 
plasmid pSHL120, and ligated to the promoter region of the yeast gene 
GAL10 pBMISO (17), producing pSHLS (Table 1). pSHLS was transformed 
into yeast strain W303-1A, to produce the Mgplp-overproducing strain. 
SLY101. 
In vitro Import. Plasmids pSHLIO and pSHL48 were constructed in order 
to be used as the templates for in vitro transcription by bacteriophage T7 RNA 
polymerase and subsequent in vitro translation by rabbit reticulocyte lysate. 
The oligonucleotide MPI29 (5'-TCCCTATACJAAATTTGCT-3*) and single-
stranded template plasmid pSHL120 (Table 1) were used to change the 
cysteine at residue 523 to a serine, producing the mutant allele in 
plasmid pSHL12. The 1.7 kb EcoRI fragment from pSHL120 containing the 
wild type MGP1 coding region, or that from pSHL12 containing the 
mgplSer523 coding region, were cloned into pBLUESCRIPT SK(+) 
(Stratagene Cloning Systems, La Jolla, CA) to produce pSHLIO and pSHL48, 
respectively. In these two plamids the MGP1 or coding region is 
fused to the phage T7 promoter. Transcription reactions were performed in 
vitro with T7 RNA polymerase (Promega Corp., Madison, Wl) and linearized 
pSHLIO or pSHL48 plasmid DNA. Translation of mRNA in vitro was 
accomplished in nuclease-treated, messenger-dependent rabbit reticulocyte 
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lysate (Promega) in the presence of [35s]methionine (1000 Ci/mmol; ICN 
Biocliemicals Inc. Costa Mesa, CA). 
In vitro import reactions were performed basically as described by Glaser 
and Cumsky (13). Mitochondria were prepared as a P2 fraction from 
Saccharomyces cerevisiae strain D273-10B/A1 grown to mid-log phase in 
YPGal medium. In vitro import reactions (100 ft I) contained 250 mM sucrose, 
80 mM KCI, 5 mM MgClg, 20 mM MOPS-KOH, pH 7.2,3% BSA, 1 mM ATP, 10 
mM K+ malate, 7.5 mM K+ succinate (together called targeting buffer or 
TAB), radiolabeled precursor proteins obtained from in vitro translation (2000 
to 4000 cpm), and 50 to 100/xg of the P2 fraction. The import reaction was 
allowed to proceed for 30 min at 30°C. Each reaction was divided in half, and 
proteinase K (0.2 mg/ml) was added to one sample. Both tubes were 
incubated for an additional 30 min at O^C, after which PMSF was added to a 
final concentration of 1 mM. Organelles were then collected by centrifugation 
and prepared for SDS-PAGE. After electrophoresis labeled proteins were 
visualized by fluorography. 
Suborganellar fractionation was carried out as follows. After the import 
reactions the organelle pellet was suspended in 1 M NaCI and sonicated at 
medium power in three bursts of 30 sec each. The lysate was spun for 30 min 
at 100,000 X g to separate soluble and membrane fractions. The membrane 
pellet was extracted with 100 mM Na2C03, pH 11.5, at 0°C for 30 min, again 
followed by centrifugation at 100,000 x g for 30 min (10). Fractionation of 
mitochondria into intermembrane space, total membranes, and matrix 
fractions after in vitro import reactions was performed as described previously 
(6). 
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Western blot analysis. For immunological detection protein samples 
were separated by SDS-PAGE, transferred to nitrocellulose filters and 
incubated with the appropriate antibody preparations. IgG attached to the 
filters was detected by binding to [125|].protein A (Dupont-NEN Research 
Products, Wilmington, DE). The washing procedure of Schmidt et al. (27) was 
used to process the blots. Protein concentrations were measured according 
to Bradford (2). 
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RESULTS 
Immunological detection of Mgp1p. To determine the subcellular 
location of Mgp1p, polyclonal antibodies were raised against a hybrid 
polypeptide consisting of Mgp1p residues 195-445 fused to component I of 
anthranilate synthetase, the product of the E. coli trpE gene. The fusion 
protein was produced in E. co//from the hybrid gene trpE-MGPI, partially 
purified by SDS-PAGE, and used to innoculate rabbits. Antibodies specific for 
Mgp1p were purified from the resulting serum using an affinity column cross-
linked with a different Mgp1p fusion protein, produced from the hybrid gene 
lacZ-MGPI fusing MGP1 codons 195-445 to the E. coli lacZ gene. The 
specificity of this antibody preparation, termed anti-MgpIp, was tested by 
Western blot analysis (Rg. 1A). Anti-Mgp1p specifically detected the products 
of the lacZ-MGP1 and trpE-MGP1 hybrid genes in E. coli lysates, 
Mgpip was not detected in Western blot analysis of total proteins from 
wild-type cells. This probably reflects the low expression level of Mgpip in 
yeast, because a relatively low steady state level of MGP1 mRNA was 
detected previously in wild type cells (31). Strain SLY101 was constructed to 
increase the intracellular level of Mgpip. This strain contains the fusion gene 
GAL-MGP1, in which the strong, inducible promoter of the GAL10 gene is 
used to express the MGP1 coding region (see Materials and Methods; 17). 
GAL-MGP1 is contained on the centromeric plasmid pSHLB. Thus, during 
growth on glucose SLY101 is expected to contain the wild type level of Mgpip, 
whereas during growth on galactose the strain is expected to produce a high 
level of this protein. 
84 
Total protein extracts were prepared from SLY101 cells grown In rich 
glucose medium (YPD) or rich galactose medium (YPGal). Proteins were 
separated by SDS-PAGE and transferred to nitrocellulose filters, and Mgp1p 
was detected by binding of anti-Mgp1p (Fig. 1B). As expected Mgp1p was 
undetectable in glucose grown cells. In galactose grown cells, however, anti-
Mgp1p antibodies bound to a protein of approximately 56 kDa, very close to 
the molecular weight predicted from the nucleotide sequence of MGP1 (31). 
These data showed anti-MgpIp recognizes only Mgp1p among all yeast 
proteins. 
Detection of Mgp1p in yeast subceiiular fractions. Subcellular 
fractionation of the Mgplp-overproducing strain SLY101 was used initially to 
determine the Intracellular location of this protein. Cells were converted to 
spheroplasts, then subjected to osmotic lysis and subsequent differential 
centrifugation (Fig. 2). Aliquots of the different supernatants and pellets 
generated during the fractionation were subjected to SDS-PAGE, transferred 
to nitrocellulose filters, and reacted with anti-MgpIp to detect the presence of 
Mgplp. Mgpip was detected exclusively in the 10,000 x g (P2) fraction (Fig. 
3, Lane 1) which is rich in mitochondria and also contains other large 
membranous organelles. 
Susceptibility to proteolytic digestion was used as an assay to determine 
whether Mgpl p is in the interior of a membrane-bound organelle. In the 
absence of Triton X-100, Mgplp was resistant to proteolytic digestion by 
proteinase K (Fig. 3, Lane 2). Disruption of membranes with Triton X-100, 
however, rendered the great majority of overproduced Mgplp susceptible to 
proteolysis (Fig. 3, Lane 3), indicating the protein was sequestered within the 
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organelles, rather than bound to their outer surface. Addition of the protein 
denaturing agent urea in combination with Triton X-100 rendered Mgp1p 
completely susceptible to protease digestion (Fig. 3, Lane 5). These data 
indicate Mgp1p is located in the interior of a large organelle, most likely 
mitochondria. 
In vitro import of IMgpIp into mitociiondria. In vitro mitochondrial 
protein import experiments were performed to further investigate the 
intracellular location of Mgp1p. The complete MGP1 coding region was 
attached to the phage T7 promoter, and the resultant hybrid gene was used 
as the template for in vitro transcription and translation in the presence of 
[3^8] methionine. Labeled Mgp1p was incubated with partially purified 
mitochondria (P2 fraction), after which organelles were collected from the 
import mixture by centrifugation. Organellar proteins were separated by SDS-
PAGE and Mgp1p was visualized by fluorography. 
Figure 4A shows that under normal conditions two forms of Mgp1p 
copurified with mitochondria, differing in molecular weight by approximately 
3000 Da (Lane 3). Treatment of the organelles with proteinase K eliminated 
the higher molecular weight form of Mgp1p (Fig. 4A, Lane 4), indicating it 
remains outside the mitochondria. The lower molecular weight form, however, 
is completely resistant to proteinase K digestion, suggesting Mgp1p is 
translocated to the mitochondrial interior and proteolytically processed. 
Addition of valinomycin to the import reaction, which eliminates mitochondrial 
membrane potential, prevented formation of the lower molecular weight form 
of Mgp1p, suggesting import was blocked (Fig. 4A, Lane 1). Proteinase K 
digestion confirmed this suggestion, because Mgp1p was entirely susceptible 
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to proteolysis (Fig. 4A, Lane 2), and thus in the absence of membrane 
potential remained outside the organelles. Taken together, the data indicated 
Mgp1p is transported specifically into mitochondria among the organelles of 
the P2 fraction, because valinomycin-sensitive translocation is characteristic of 
many cytoplasmically synthesized mitochondrial proteins. Mgp1p 
cofractionated with mitochondrial membranes when organelles were 
reisolated following in vitro import reactions and separated into intermembrane 
space, matrix and total membrane fractions (Fig. 4B). 
Mutation at Cys523 affects the membrane association of IMgplp. A 
consen/ed feature of many p21'"as.related proteins is the carboxyl terminal 
CAAX sequence, which is essential for MGP1 function (31). In p21 H-ras  ^this 
cysteine residue is posttranslationally modified by farnesylation, which along 
with additional posttranslational modifications is required for membrane 
localization and biological function (15). To determine whether the CAAX 
sequence of Mgpip is required for its attachment to mitochondrial 
membranes, a mutant protein was examined in which Cys523 was replaced by 
a serine. 
The mutant gene mgp)^G^523 (see Materials and Methods) was 
expressed and translocated into mitochondria in vitro as described above for 
wild type Mgpip. In vitro mitochondrial import and processing of the mutant 
protein Mgpl p-Ser523 was identical in all respects to that observed for the 
wild type protein (data not shown). Differences were noted, however, in the 
suborganellar fractionation of Mgpip and Mgp1p-Ser523, which was 
performed as follows. After the in vitro import reaction organelles were 
collected by centrifugation at 10,000 x g, then sonicated in the presence of 1 
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M NaCI. The resultant membrane and soluble fractions were prepared by 
centrifugation at 100,000 x g. The membrane pellet was then further extracted 
by treatment with Na2C03 (100 mM, pH 11.5) at O^C for 30 min. Extracted 
proteins were separated from membrane-bound proteins by centrifugation at 
100,000 X g. All fractions were then separated by SDS-PAGE and Mgpl p or 
Mgp1p-Ser523 were visualized by fluorography, The effectiveness of the 
fractionation procedure was monitored in the same fractions using Western 
blot analysis to detect the matrix protein hspGO and the inner membrane 
protein cytochrome c oxidase subunit 5a (Fig. 5B). Sonication in 1 M NaCI 
released the majority of hspGO into the supernatant, indicative of mitochondrial 
lysis (Fig. SB, Lanes 2,3). The hspGO remaining in the pellet, most likely 
because of incomplete lysis or non-specific trapping in submitochondrial 
particles, was completely released into the supernatant by Na2C03 treatment 
(Fig. 58, Lanes 4,5). Cytochrome c oxidase subunit 5a, however, remained 
associated with membranes even after Na2C03 treatment. Thus, the 
procedure effectively fractionated proteins based on their degree of 
membrane association. 
Figure 5A shows approximately 85% of wild type Mgp1p and 70% of 
Mgp1p-Ser523 co-fractionated with membranes after sonication in high salt 
(Lanes 1,2,5,6), compared to approximately 40% of the known matrix protein 
hspGO. The wild type protein displayed high affinity for membranes even after 
NagCOs treatment. In contrast, about 70% of the membrane bound Mgp1p-
Ser523 was released into the supernatant after Na2C03 extraction. Therefore, 
Mgpip is tightly associated with mitochondrial membranes, and the C-terminal 
cysteine residue is required for normal membrane association. 
88 
DISCUSSION 
Several lines of evidence support Mgp1p is a mitochondrial protein. First, 
the sequence of the amino terminal region of Mgp1p is typical of mitochondrial 
targeting peptides. Second, Mgp1p functions to suppress a specific defect in 
mitochondrial biogenesis. Third, subcellular fractionation by differential 
centrifugation showed overproduced Mgp1p is internalized within a 
membranous organelle. The fact that Mgp1p in the large organelle fraction is 
protected from protease digestion by membranes identifies mitochondria as 
its most likely location, because other organelle membranes of this fraction are 
fragmented. Fourth, Mgp1p is imported post-translationally into a membrane 
bound organelle by a membrane potential-dependent mechanism, and is 
proteolytically processed during translocation. The processing upon Import 
results in two protein species with an apparent molecular weight difference in 
agreement with the size of the predicted Mgp1p targeting peptide. These 
features are characteristic of many known mitochondrial proteins. Taken 
together, these data show Mgp1p is located in the mitochondrial interior. 
Apparently, all of the Mgp1p overproduced from the GM.10 promoter is 
transported into mitochondria, because no protein was detected in the post-
organellar fraction S2. Overproduced Mgp1p seemingly forms aggregates 
inside of mitochondria, because the protein denaturing agent urea is required 
in combination with the nonionic detergent Triton X-100 to make the protein 
fully accessible to proteinase K, and because even after solublization of 
membranes by Triton X-100 the majority of Mgp1p remained in the 10,000 x g 
pellet (data not shown). Aggregation of a mitochondrial protein overproduced 
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using a GAL promoter was observed previously in the case of mitochondrial 
helicase (19). 
Mgp1 p imported into mitochondria in vitro co-sedimented with membranes 
after submitochondrial fractionation. These data do not directly distinguish 
between the outer and inner mitochondrial membranes, however, Mgplp's 
import and processing characteristics are typical of inner membrane proteins. 
In particular, outer membrane proteins typically are not proteolytically 
processed during insertion, and do not require membrane potential for. 
assembly into mitochondrial membranes (22). The processing of precursor 
proteins during import into mitochondria is catalyzed by a matrix enzyme (22), 
suggesting that Mgp1p enters this compartment and after cleavage attaches 
to the inner membrane. 
Proteins of the p21''as.reiated superfamily are located in specific 
membranes within the cell. For example, in yeast the product of YPT1 is 
located in the endoplasmic reticulum (28), that of SEC4 in secretory vesicles 
and the plasma membrane (14), that of RAS1 and RAS2 in the plasma 
membrane (11), and that of RH01 in the Golgi apparatus and post-GoIgi 
vesicles (20). The finding that Mgpip is located in mitochondrial membranes 
identifies an additional cellular membrane to which a p21''as.related protein is 
targeted. 
The consensus residue Cys523 located four amino acids from the carboxyl 
terminus of Mgpip is involved in membrane attachment, because membrane 
association is destabilized when this cysteine is replaced by a serine. Cys523 
is not essential for membrane localization, however, because most of the 
Mgp1p-Ser523 mutant protein is membrane bound, even in the presence of 
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high salt. The influence of Cys523 was detected by extracting membranes at 
high pH. The majority of wild type Mgp1p remained membrane associated in 
this condition, whereas the majority of Mgp1p-Ser523 was solublized. These 
data showed Cys523 influences membrane association, but is not required for 
attachment of Mgp1p to membranes. Cys523 is required for Mgplp's function 
in mitochondrial biogenesis (31), suggesting normal membrane association is 
essential for function. 
Polyisoprenylation of the cysteine residue in the CAAX sequence, along 
with other C-terminal processing events, is known to be required for 
membrane binding and biological function of many p21''as.reiated proteins (5 
15), as well as nulcear lamins (8) and the 7 subunits of trimeric G proteins (9, 
21,34). Mgplp's carboxyl terminus resembles the CAAX sequence, except 
that the penultimate residue is a glycine. Thus, Cys523 may influence 
membrane association of Mgpip as a substrate for a post-translational 
prenylation reaction. If so, this mechanism implies the question of whether 
Mgpip is prenylated prior to translocation into mitochondria or, alternatively, 
whether a prenylation enzyme is located within the organelle. 
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TABLE 
TABLE 1. Plasmids 
Name Insert Allele Source Cloning vector 
pSHLS 0.75 kb trpE-MGP1 pSHL25 pATH3 (18) 
Bgl\\/Hind\\\ 
pSHL4 0.75 kb lacZ-MGP1 pSHL25 pUR291 (24) 
Bglll/Hindlll 
pMP127 EcoRI created MGP1 pSHL25 pUC119(33) 
atnt-11® 
pSHL12 point mutation mgpiSer523 pMP127 pUC119 
at nt 15673 
pSHLIO 1.7 kb MGP1 pMP127 pBLUESCRIPT 
EcoRI/EcoRI -SK(+)b 
PSHL48 1.7 kb pSHL12 pBLUESCRIPT 
EcoRI/EcoRI -SK(+) 
pSHLS 1.7 kb GAL-MGP1 pMP127 pBM150 (17) 
£coRI/£coRI 
® Nucleotide numbers correspond to figure 5 (31). 
b strategene, San Diego, CA. 
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FIG. 1. Detection of Mgp1p with polyclonal antibodies. A. Equal amounts 
of total cellular proteins from E. coli strain TG-1 were separated by SDS-PAGE, 
transferred to nitrocellulose filters, and incubated with crude antiserum from 
immunized rabbits or affinity purified anti-Mgp1p antibodies collected from that 
serum. Bound antibodies were detected by incubation with [125|].protein A 
and autoradiography. Lane 1, cells containing plasmid pATH3 (18); lane 2, 
cells containing the trpE-MGP1 plasmid pSHL3 (Table 1); lane 3, cells 
containing pUR291 (24); lane 4; cells containing the/acZ-MGPt plasmid 
pSHL4 (Table 1). All strains were grown in conditions that induce the MGP1 
hybrid genes (see Materials and Methods). Molecular weights were estimated 
by comparison to standards of known sizes run on the same gels. B. Total 
lysates of yeast strain SLY101 were analyzed by immunoblot analysis as 
described for panel A. Lane 1, cells grown in YPGal (inducing condition for 
GAL-MGP1)', lane 2, cells grown in YPD (repressing condition for GAL-MGP1). 
The molecular weight of Mgpip were estimated by comparison to size 
standards. 
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FIG. 2. Subcellular fractionation scheme (see Materials and Methods for 
details). 
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FIG. 3. Proteinase K treatment of tlie P2 fraction from the Mgp1 p-
overproducing strain SLY101. GAL-MGP1 was induced in strain SLY101 by 
growth in rich galactose medium (YPGal), and the P2 subcellular fraction was 
prepared. Equal amounts of protein from this preparation were treated with 
proteinase K for 30 min at 0^0 in the presence or absence of 1% Triton X-100 
and 4 M urea, as indicated. Proteins were separated by SDS-PAGE, and the 
proteinase K-resistant Mgpip was detected by Western blot analysis by anti-
Mgplp. 
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FIG. 4. In vitro mitochondrial import of Mgpl p. A. The P2 fraction from 
wild type cells was mixed with rabbit reticulocyte containing 35s-labeled pre-
Mgplp, in the presence or absence of valinomycin (Val; final concentration 
Afig/ml), as indicated (see Materials and Methods for details). After 30 min, 
one half of each reaction was treated with proteinase K (Prot. K; final 
concentration 200^g/ml). Organelles were then collected from the reaction 
mixtures by centrifugation. Proteins were separated by SDS-PAGE, and 
Mgpip was visualized by fluorography. B. organelles treated as in panel A, 
were fractionated into intermembrane space (IMS), total membranes fraction 
(MEMB) and matrix as described (6). Proteins in each fraction were separated 
by SDS-PAGE, and Mgpip was visualized by fluorography. 
FIG. 5. Membrane association properties of Mgp1p and Mgp1p-Ser523. 
A. Organelles isolated from in vitro import reaction were resuspended in 1 M 
NaCI and sonically irradiated. The suspensions were subjected to 
centrifugation at 100,000 x g for 30 min to obtain the membrane fractions 
(lanes 1 and 3) and the soluble fractions (lanes 2 and 4). A portion of each 
membrane fraction was extracted further by treatment with 100 mM 
Na2C03, pH 11.5. The Na2C03 suspension was spun at 100,000 x g for 30 
min to obtain the Na2C03-extracted membrane pellets (lanes 5 and 7) and 
the supernatants containing Na2C03-extractable proteins (lanes 6 and 8). 
Fluorographed bands corresponding to mature Mgpip (lanes 1,2,5,6) or 
Mgp1p-Ser523 (lanes 3,4,7,8) were quantified densitometrically. The 
values are expressed as percent associated with each fraction relative to 
the total amount in both pellet and supernatant which is assumed to be 
100%. B. The effectiveness of the fractionation procedure described in 
panel A was monitored using immunoblot analysis to detect two 
mitochondrial proteins of known location, namely, hsp60 and cytochrome c 
oxidase subunit 5a (Va). Lane 1, organelles prior to sonication; lane 2,1 M 
NaCI-extracted membranes (corresponding to lanes 1,3 of panel A); lane 3, 
1 M NaCI-extracted supernatant (corresponding to lanes 2,4 of panel A); 
lane 4, Na2C03-extracted membranes (corresponding to lanes 5,7 of panel 
A); lanes 5, Na2C03-extracted supernatant (corresponding to lanes 6,8 of 
panel A). 
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SECTION III. CHARACTERIZATION OF THE p21 ras.RELATED 
PROTEIN Mgp1p EXPRESSED IN E. COU 
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ABSTRACT 
Mgpip is the first member of the p21''as.reiated superfamily of GTP-
binding proteins known to be located in mitochondria. A truncated form of 
Mgpip lacking the putative mitochondrial targeting peptide was produced in 
E. coli using the phage T7 promoter and T7 RNA polymerase. A fraction 
enriched in this protein, termed Mgpip*, was cross-linked to [a-32P]GTP by 
ultraviolet irradiation, suggesting Mgpip is a GTP-binding protein. Mgpip* in 
£. coli lysates has a low affinity for GTP, however, because nucleotide binding 
could not be detected at equilibrium. Mgpip* was purified to approximately 
50% homogeneity by ammonium sulfate precipitation and Cibacron-blue 
agarose affinity chromatography. Further purification of Mgpip* was 
unsuccessful due to denaturation when proteins in the purified fraction were 
concentrated. 
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INTRODUCTION 
MGP1 is a nuclear gene in the yeast Saccharomyces cerevisiae known to 
be involved in biogenesis of mitochondria. In particular, multiple copies of 
MGP1 suppress the general defect in respiratory enzyme assembly caused by 
mutations in the nuclear gene MSG1 (12). Several lines of evidence suggest 
the protein coded by MGP1, termed Mgp1p, acts as part of a signal 
transduction mechanism transmitting information between mitochondria and 
the cytosol. First, a 190 residue region of Mgpip shares approximately 30% 
amino acid identity with any member of the large family of p21''as.reiated GTP 
binding proteins, many of which are known to act as signalling molecules. The 
specific regions of amino acid sequence known to be directly involved in 
nucleotide binding in p21 H-ras are highly conserved in Mgpip*. Another 
conserved region found in most p21''as.rgiated proteins, the carboxyl terminal 
C-A-A-X sequence known to be post-translationally modified and thus 
influence membrane localization, is also conserved in Mgpip. 
GTP binding is likely to be an essential aspect of Mgpip function, because 
deletion of the putative phosphate binding region from Mgpip inactivated its 
function as a suppressor of mutations in MSG1. Further circumstantial 
evidence for Mgplp's function in a signal transduction process is provided by 
its known location in mitochondrial membranes (13). The membrane 
localization mechanism of Mgpip also resembles that of p21''3s.related 
proteins, because the extent of membrane binding is decreased significantly 
when Cys523 of the carboxyl terminal C-A-A-X sequence is changed to a 
serine. 
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Conservation of the principal functional domains and membrane binding 
characteristics between p21>'as.reiated proteins and Mgpip suggests these 
proteins possess similar biochemical properties, namely guanine nucleotide 
binding and GTP hydrolysis activity (3). The current study was undertal<en to 
test directly whether Mgpip is able to bind and/or hydrolyze GTP. The protein 
tested was a truncated form of Mgpip from which the putative mitochondrial 
targeting peptide at the amino terminus was removed. The recombinant 
protein produced in E. coli, termed Mgpip*, was shown to be a GTP-binding 
protein. It's affinity for GTP, however, seemingly Is very low. 
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MATERIALS AND METHODS 
Strains and growth media. E. coli strain TG-1 (Amersham Corp., 
Arlington Hts., IL), used for amplification of plasmids and production of single 
stranded DNA, was grown in LB medium by standard methods (2,6). 
Lysogen BL21(DE3)pLysS (Novagen, Inc., Madison, Wl.) was used as the 
host for expression of Mgp1p*. Introduction of pSHL46 (see below) into 
BL21 (DE3)pLysS was performed using standard procedures of bacterial 
transformation (6). A transformant harboring pSHL46, termed SLB101, was 
selected on LB+AMP+CAM plates (LB supplemented with 20/xg/mL 
ampicillin and 25ftg/ml chloramphenicol), and grown in M9 medium (6) 
supplemented with 20/tg/ml ampicillin and 25/xg/ml chloroamphenicol 
(M9+AMP+CAM). 
DNA manipuiation. Recombinant DNA manipulations were performed 
using standard procedures (2,6). Oligonucleotides were synthesized by the 
Iowa State University Nucleic Acid Facility (Ames, Iowa) using a Biosearch 
8750EX automated DNA synthesizer. Oligonucleotide directed site-specific 
mutagenesis was performed as described (11), using a commercially supplied 
kit (Amersham). Nucleotide sequence analysis was by the chain termination 
method (7) using single stranded DNA prepared as described by Vieira and 
Messing (14). 
Expression of Mgpip* in E. coH. pSHL46 was constructed as follows for 
expression in £ coli of a truncated form of Mgpip, denoted Mgpip*. The 2.1 
kb SamHI/EcoRI fragment containing MGP1 (12) was cloned into pUC119. 
The resulting plasmid, pSHL25, and the oligonucleotide MPI32 (5'-
TTGCAAGTCCCATGGAGTACC-3'^  were used for site-specific mutagenesis to 
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create a A/col site between MGP1 codons 26 and 27 (12) to produce plasmid 
pSHL44. The 2.1 kb Sal\/EcoR\ fragment containing the mutated form of 
MGP1 was collected from pSHL44, and cloned into pBLUESCRIPT SK(+), to 
produce pSHL45. The 1.7 kb Nco\/BamH\ fragment containing MGPYcodons 
27 through the carboxyl terminus was inserted into the unique A/col and 
BamHI sites of plasmid pET-1 Id (Novagen), resulting in the expression 
plasmid pSHL46. 
To produce Mgpip*, strain SLB101 was pregrown in M9+AMP+CAM at 
37OC overnight, then diluted by a factor of 100 in the same medium. When 
this culture reached 0.4 Aggo, IPTG (Sigma Chemical Co., St. Louis, MO) was 
added to 0.4 mM. Incubation was continued at 22-250C for an additional 24 
hours. 
Partial purification of lUlgpIp*- Cells were harvested and washed once 
with 50 mM Tris-HCI pH 7.5 by centrifugation at 17,000 x g for 10 min. The 
average yield of cells was 6 g per liter of culture. Cell lysis, aided by the 
presence of lysozyme produced in the host strain from plasmid pLysS 
(Novagen), was accomplished by a freeze-thaw cycle. The cell pellet was 
frozen at -70%., then thawed in TMDP buffer (50 mM Tris-HCI pH 7.5, 5 mM 
MgClQ, 1 mM DTT, 1 mM PMSF). To shear DNA, the cell slurry was sonicated 
in three bursts of one minute each, at maximum power, using the Model 150 
Sonic Dismembrator (Artek Systems.). The lysate was spun at 17,000 x g for 
45 min to prepare the soluble fraction. Solid ammonium sulfate (277.3 g/l) was 
added to attain 45% saturation. The precipitate was collected by 
centrifugation at 17,000 x g for 15 min, then redissolved in minimal volume of 
TOP buffer (50 mM Tris-HCI pH 7.5,1 mM DTT, 1 mM PMSF). The resulting 
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solution was passed through the Econo-Pac 10DG column packed with Bio-
Gel P-6 gel exclusion matrix (Biorad Laboratories, Richmond, OA) equilibrated 
with TMDP supplemented with 200 mM NaCI. The protein fraction was 
collected and applied onto a Cibacron blue 3GA-Agarose (Type-3000; Sigma) 
column equilibrated with TMDP supplemented with 200 mM NaCI. Elution of 
protein was carried out with 10 to 15 bed volumes of ascending gradient of 
NaCI from 0.2 M to 2.0 M prepared in TMDP buffer. Proteins in the fractions 
were separated by SDS-PAGE, and immunoblot analysis using anti-MgpIp 
antibodies (13) was used to detect the presence of Mgpip*. Fractions 
containing Mgpip* were pooled and concentrated in a stirring cell with a 
YM10 Diaflo ultrafilter (Amicon Division, W. R. Grace & Co.-Conn., Beverly, 
MA) under 50 psi of nitrogen gas or in a Centriprep-30 ultrafiltration device 
(Amicon) by centrifugation. The concentrated protein preparation was 
dialyzed against TMDP buffer. 
Photoafflnity cross-linking. The 45% ammonium sulfate precipitate after 
desalting was used for a GTP cross-linking reaction as described by Ahnn et 
al., (1). The reaction mixture (50 ft I) contained 200/tg protein, 12/iM [a-
32p]GTP (3000 Ci/mmol, adjusted to 420 Ci/mmol; ICN Biochemicals, Inc., 
Costa Mesa, CA), 1 mM ATP, 50 mM Tris-HCI pHB.0,100 mM NaCI, 5 mM 
MgClg, 1% Triton X-100. This mixture was incubated for 1 hr at 4% In the 
dark, then exposed to ultraviolet light (maximal emission 254 nm) in shallow 
culture trays on ice at an intensity of 1.8 mW/cm  ^for 35 min. 
Immunoprecipitation was performed as described (2) using 50;tl of anti-
Mgplp antibodies (153/* g IgG/ml) (13) or preimmune serum, and 50 jit I of a 
1:1 slurry of protein A-sepharose CL-4B (Pharmacia Inc., Piscataway, NJ) in 
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the reaction buffer. Proteins bound to the beads were liberated in SDS-PAGE 
sample buffer containing 2% SDS, lOOmM DTT, lmM/3-mercaptoethanol. 
OTP binding assay. Soluble E. coll lysate was incubated with 0.5/(M [a-
32p]GTP (3000 Ci/mmol; ICN; adjusted to 40,000 cpm/pmol) in 400^*1 of 
GDP/GTP-binding buffer (50 mM HEPES pH 8.0,200 nfiM NaCI, 2.5 mM 
EDTA, 10 mM DTT, 0.1 mg/ml BSA) for 60 min at 370C (5). The reaction was 
diluted with 1 ml of ice-cold 20 mM Tris-HCI pH 8.0,100 mM NaCI, 25 mM 
MgCl2, then passed through BA85 nitrocellulose filters (Schleicher and 
Schuell, Keene, NH). Filters were washed twice with 5 ml of this buffer and air-
dried, after which bound radioactivity was quantified by scintillation counting. 
Nonspecific binding was assayed with a reaction mixture containing BSA 
instead of E coli protein, and this value was substracted from each data point. 
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RESULTS AND DISCUSSION 
Expression of Mgp1p* In E. co/i. A truncated form of Mgp1p was 
produced in E. coli using the phage T7 promoter and T7 RNA polymerase. 
Residues 27-526, termed Mgpip* were selected for expression because 
Mgpip is known to be proteolytically processed during import into 
mitochondria (13). Processing resulted in a molecular weight reduction of 
approximately 3000 Da, corresponding to 20 to 30 amino acid residues. 
These residues are likely to be removed from the amino terminus, as is known 
to be the case for many different mitochondrial proteins. Codons 27-526 were 
ligated downstream of the phage T7 promoter and the 5* non-translated 
region of the T7 gene s10 in expression plasmid pSHL46 (Fig. 1). The plasmid 
was introduced into E. coli lysogen BL21 (DE3)pLysS to form strain SLB101. 
In this strain transcription of the phage T7 RNA polymerase gene, under 
control of the /acUV5 promoter (10), is inducible upon exposure to IPTG. 
Total proteins from SLB101 grown either in the presence or absence of IPTG 
were separated by SDS-PAGE and stained with Coomassie blue, revealing the 
presence of a new protein in cells exposed to IPTG (Fig. 2A). The molecular 
weight of this protein corresponds to the predicted size of Mgpip*. Western 
blot analysis showed the novel protein binds to antibodies specific for Mgpip, 
(Fig. 28). Thus, E. coli strain SLB101 produces high levels of Mgpip* upon 
exposure to IPTG. 
Partial purification of Mgpip*. SLB101 cells grown in the presence of 
IPTG were collected, and soluble extracts were prepared by centrifugation at 
17,000 x g. The supernatant was fractionated by ammonium sulfate 
precipitation, and Mgpip* in each fraction was detected by immunoblot 
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analysis. The greatest enrichment of Mgpl p* was in the 45% ammonium 
sulfate precipitate (data not shown). This material was resuspended in 
minimal volume of TOP buffer, and ammonium sulfate was removed by gel 
exclusion chromatography. 
The subsequent step of purification made use of the fact that, based on its 
amino acid sequence, Mgpip is likely to bind guanine nucleotides (12). 
Affinity chromatography used Cibacron blue-agarose, which contains a purine 
nucleotide analog bound by certain proteins with nucleotide binding sites (8). 
Mgpip* was bound to the column in TMDP buffer supplemented with 0.2 M 
NaCI, and eluted from the column in an increasing salt gradient. Proteins in 
the eluent fractions were separated by SDS-PAGE, and either stained with 
Coomassie blue or transferred to nitrocellulose paper. Mgpip* was detected 
by binding to anti-Mgplp. The results showed Mgpip* was present in 
fractions where the NaCI concentration was estimated to be 1.5 M to 2.0 M 
(Fig. 3). 
Further purification was hindered because concentration by ultrafiltration of 
proteins in the pooled fractions failed to quanitatively recover Mgpip*. 
Ultrafiltration was carried out using either compressed nitrogen gas or 
centrifugation to provide hydrostatic pressure (see Material and Methods). In 
both instances the concentrated fraction from both methods contained much 
less Mgpip* than the starting material, as estimated by Coomassie blue 
staining and immunoblot (data not shown). Poor recovery of Mgpip* in this 
experiment may due to denaturation and precipitation of Mgpip*, because 
insoluble aggregates were observed during the ultrafiltration process. 
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Photoaffinity labeling of Mgpip* with GTP. A photochemical cross-
linking experiment was performed to detect whether Mgpl p* is able to bind 
GTP, a procedure used previously to label viral p21''as expressed in £. coli (9). 
After desalting, the 45% ammonium sulfate precipitate fraction was mixed with 
[cK.32p]GTp as described in Materials and Methods, then exposed to 
ultraviolet radiation for 35 min to covalently link the nucleotide to GTP-binding 
proteins. Mgpip* was collected from the mixture by immunoprecipitation with 
anti-Mgp1p, after which precipitated proteins were separated by SDS-PAGE 
and exposed to film. Figure 4 shows a [32p].|abeled protein 
immunoprecipitated with anti-MgpIp was detected at the position 
corresponding to Mgp1p*'s molecular weight. This protein did not appear 
when immunoprecipitation was carried out with the preimmune serum (data 
not shown). These data indicate Mgpi p is a GTP-binding protein. 
GTP binding in equilibrium. Total soluble protein fractions from IPTG-
induced cultures and non-induced cultures of SLB101 were prepared and 
used for an equilibrium GTP binding assay. Equal amounts of protein were 
incubated with [a-32p]GTP at 370C for 60 min to allow equilibrium between 
free guanine nucleotides and bound guanine nucleotides on proteins. 
Reaction mixtures were passed through BA85 nitrocellulose filters which retain 
proteins but not free nucleotides. Comparison of the radioactive counts 
between the two protein preparations showed no significant differences (data 
not shown). 
The seeming discrepancy between the cross-linking and equilibrium 
binding experiments may be explained by the fact that Mgpl p* in the E. coli 
lysates may have a very low binding affinity for GTP at the specific reaction 
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conditions used. Tliis property would not prevent detection of nucleotide 
binding in the cross-linking experiment, because covalent attachment of 
nucleotide to Mgpip* irreversibly removes the protein-nucleotide complex 
from the equilibrium reaction. The data could be explained by Mgpip* in the 
lysates being pre-bound with GDP, and having a relatively high affinity for the 
nucleotide diphosphate. In mitochondria, nucleotide exchange might require 
a guanine nucleotide release protein serving a function analogous to that of 
EF-Ts or activated signal receptors for EF-Tu and trimeric G protein a 
subunits, respectively (3). 
116 
REFERENCES 
1. Ahnn, J., P. E. March, H. E. Takiff, and M. Inouye. 1986. A GTP-
binding protein of Escherichia coli has homology to yeast RAS proteins. 
Proc.Natl. Acad. Sci. USA 83:8849-8853. 
2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. 
Seldman, J. A. Smith, and K. Struhi. 1989. Current Protocols in 
Molecular Biology, volume 1 and 2, John Wiley and Sons, New York. 
3. Bourne, H. R., D. A. Sanders, and F. McCormick. 1990. The GTPase 
superfamily: a conserved switch for diverse cell functions. Nature 348: 
125-132. 
4. Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The GTPase 
superfamily: consen/ed structure and molecular mechanism. Nature 
349:117-125. 
5. Northup, J. K., M. D. Smlgei, and A. G. Giiman. 1982. The nucleotide 
activating site of the regulatory component of adenylate cyclase. J. Biol. 
Chem. 257:11416-11423. 
6. Sambrook, J., E. F. Fritsch, and T. Manlatis. 1989. Molecular Cloning: 
a laboratory manual. 2nd Ed. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, New York. 
7. Sanger, F., S. Nickien, and A. R. Couison. 1977. DNA sequencing with 
chain -terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467. 
8. Scope, R. K. 1987. Protein purification: principles and practice. 2nd Ed. 
Sprlnger-Verlag Inc., New York. 
9. Stein, R., P. S. Robinson, and E. M. Scoinick. 1984. Photoaffinity 
labeling with GTP of viral p21''3s protein expressed in £. coli. J. Virol. 50: 
343-351. 
10. Studier, F. W., A. H. Rosenberg, J. J. Dunn, and J. W. Dubendorff. 
1990. Use of T7 RNA polymerase to direct expression of cloned genes. 
Meth. Enzymol. 185:60-89. 
11. Taylor, J. W., J. Ott, and F. Eckstein. 1985. The rapid generation of 
oligonucleotide-directed mutations at high frequency using 
phosphorothioate-modified DNA. Nucleic Acids Res. 13:8765-8785. 
117 
12. Tzeng, S.-H. L, M. Wu, A. Tzagoloff, and A. M. Myers. 1992. MGP1, a 
novel ras-related gene involved In mitochondrial biogenesis in yeast. 
Submitted to Mol. Cell. Biol, (included in this dissertation as SECTION I). 
13. Tzeng, S.-H. L, B.R. Miller, M. G. Cumsky, and A. M. Myers. 1992. 
Localization of the p21'"as.related protein Mgpip in yeast mitochondria. 
Submitted to Mol. Cell. Biol, (included in this dissertation as SECTION 
II). 
14. VIeira, J., and J. Messing. 1987. Production of single-stranded plasmid 
DNA. Methods Enzymol. 153:3-11. 
118 
FIGURES 
119 
5' 
h 
3' 
^T7lac MGP1 (27-526) Trz 
FIG. 1. Hybrid gene constructed for expression of Mgpl p* in E. coli. P77. 
IQC' phage T7 promoter followed by lac repressor binding site. s10:5' 
nontranslated region of phage T7 gene s10. MGP1(27-526) codons 27 to 526 
of MGP1, preceded by an ATG initiation codon. The open bar represents 3' 
flanking sequence of MGP1. T77: phage T7 transcription terminator 
sequence. N: A/col site; B: SamHI site. Construction of this gene is described 
in Materials and Methods. 
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A. B. 
FIG. 2. Expression of Mgpip* in £. coli. Bacterial cultures containing 
pSHL46 were induced to express Mgp1p* by addition of IPTG, and total 
cellular lysates were prepared. A. Detection of proteins by SDS-PAGE and 
Coomassie blue staining. Lane 1, Molecular weight standards; lane 2, proteins 
from a culture not exposed to IPTG; lane 3, proteins from an IPTG-induced 
culture. B. Immunoblot analysis of a duplicate gel of that shown in panel A. 
Anti-Mgp1p detects a protein of approximate molecular weight of 56 kDa 
specifically in IPTG-induced cells. 
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FIG. 3. Chromatography of Mgpip*. The soluble fraction (17,000 x g 
supernatant) from E. coli cells expressing Mgpip* was used to dissolve 
ammonium sulfate to 45% saturation, and the precipitate was collected and 
desalted. This material was applied to a Cibacron blue-agarose affinity 
column in TMDP buffer supplemented with 200 mM NaCI. Proteins were 
eluted with an increasing salt gradient and proteins in each fractions were 
visualized by SDS-PAGE (panel A). Duplicate gel were tested for the presence 
of Mgpip* by immunoblot analysis (panel B). P: protein fractions after 
desalting column. 1-74: fraction numbers eluted from Cibarcron blue-agarose 
affinity column. Molecular weight standards are marked in the margin. 
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FIG. 4. GTP cross-linking. The Mgpip* enriched protein fraction prepared 
by 45% ammonium sulfate precipitation of soluble E. coli lysates was 
incubated with [a-32p]GTP and exposed to ultraviolet light. Mgpl p* was then 
collected by immunoprecipitation. The precipitate proteins were separated by 
SDS-PAGE, and bound GTP detected by autoradiography. GTP binding to a 
56 kDa protein was evident. This signal was not detected when the 
immunoprecipitation step used pre-immune serum instead of anti-MgpIp 
(data not shown). 
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SUMMARY AND GENERAL DISCUSSION 
Mitochondrial biogenesis requires coordinated expression of nuclear and 
mitochondrial genes. Many nuclear genes involved in mitochondrial gene 
expression have been Identified by using the respiratory deficient pet mutant 
strains of the yeast Saccharomyces cerevisiae. In this study, characterization 
of pet mutants E221/L1 and E98/LM1 with mutations in MSG1 showed this 
gene is essential for assembly of two mitochondrial respiratory complexes, 
coenzyme QHg-cytochrome c reductase and cytochrome c oxidase. The 
gene MGP1 was isolated based on its ability to restore respiratory 
competence to msg1 mutations. Sequence analysis of MGP1 gene product, 
Mgp1p, showed one domain ranging from amino acid residues 270 to 460 of 
this protein shares approximately 30% identity with any member of the p21 ras. 
related protein superfamily, and this identity is most significant in regions of 
p21 ras known to interact with guanine nucleotides (85). To date three 
extensive branches of p21''as.reiated superfamily are known, namely ras 
proteins, rho proteins, and yptl/rab proteins (88). Additionally, tc4 protein is 
the only known member of a potential fourth branch (18). Proteins within a 
branch typically reveal 50% or greater identity and proteins from two different 
branches normally show approximately 30% identity (88). Mgp1p displays 
30% Identity when compared to proteins from any of the three main 
subfamilies of the p21''as.related protein superfamily and does not share a 
higher degree of homology to any of the four known subfamilies than to any 
other, thus Mgp1p represents a fifth general class of p21'"as.related proteins. 
Genetic linkage analysis oiMGPI and MSG1 indicated these two genes 
are different genetic elements, and that multiple copies of MGP1 are required 
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for suppression of respiratory deficiency caused by msg1 mutations. Mgp1 p 
is shown to be a mitochondrial membrane protein by in vivo subcellular 
fractionation and in vitro mitochondrial import experiments. Taken together, 
these data show that Mgp1p is implicated in biogenesis of mitochondrial 
enzymes. Mgpl p is the first example of p21 ""ss.related protein known to be 
involved in mitochondrial function (85). Isolation of additional Mgp1p 
homologs will be necessary to determine whether this protein is conserved in 
evolution, as are proteins from the other three main branches of the p21 ""as. 
related protein superfamily 
MGP1 may function by a similar mechanism as p21''as as evidenced by in 
vivo functional assay with mgp1 mutant alleles (88). Mutant allele mgp1A281-
289 resulting in deletion of residues 281-289 of Mgp1p did not restore 
respiratory competence to msg1 mutant strains. The residues 281-288 in 
Mgpip are conserved in all p21''as.reiated proteins. In p2lH-ras_ this 
conserved region forms a phosphate binding loop for guanine nucleotides 
based on crystal structure analysis (8,57). Mutation at cysteine residue of the 
carboxyl terminal CAAX motif in Mgpip also inactivated Mgplp's suppressor 
function. In p21''as_ polyisprenylation on the cysteine of its CAAX sequence 
along with other processing events is required for its membrane binding and 
biological function (31). Like many p21''as.reiated proteins, the cysteine 
(Cys523) of Mgpip is also shown to involve in the mitochondrial membrane 
association of this protein (86). 
A truncated form of Mgpip lacking the putative mitochondrial targeting 
peptide at its amino terminus, was successfully expressed in E. coli. This 
protein termed Mgpip* is shown to bind GTP via photoaffinity crosslinking 
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(87). More precise information about the nature of tfiis GTP-blnding property 
of Mgpip depends on its purification to near homogeneity. However, the data 
suggest Mgpip functions in mitochondrial biogenesis by using a moiecular 
switch mechanism conserved in p21''as.reiated proteins. To shed further light 
on what signals or downstream effectors are involved, it will be necessary to 
identify molecules interacting with Mgpip. MSG1 responsible for the 
mutations in strains E221 /LI and E98/LM1 represents a good candidate to be 
investigated in the future. 
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